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Abstract 

 Porcine circovirus associated disease (PCVAD) is an umbrella term for a multitude of 

diseases and syndromes that have a negative impact on the health and economics of pig 

production operations throughout the world. Porcine circovirus type 2 is the causative agent of 

PCVAD; however the presence of PCV2 alone is rarely enough to cause clinical disease. In order 

for the full development of PCVAD the presence of a co-infecting pathogen is required. The 

mechanisms by which co-infection leads to disease remain ongoing areas of research, but it is 

thought that host immune modulations by PCV2 or a co-infecting pathogen are critical in the 

pathogenesis of PCVAD. In the first study of this dissertation the ability of PCV2 to induce 

regulatory T-cells (Tregs) and alter cytokine production was evaluated in vivo. The addition of 

PCV2 to a multiple viral challenge resulted in a significant increase in Tregs. Levels of IL-10 

and IFN-γ were also found to be altered when PCV2 was added to a multiple viral challenge. In 

further experiments, monocyte derived dendritic cells (MoDC) were infected with different 

combinations and strains of PCV2 and PRRSV in vitro and evaluated for expression levels of 

programmed death ligand-1 (PD-L1), IL-10, CD86, swine leukocyte antigen-1 (SLA-1), and 

swine leukocyte antigen-2 (SLA-2). Expression levels of PD-L1 were significantly increased in 

PCV2 and PRRSV co-infected MoDCs. SLA-1, SLA-2, and CD86 expression levels were 

significantly decreased in the MoDC treatment groups containing both PCV2 and virulent stains 

of PRRSV. MoDC IL-10 expression was significantly increased by PCV2 and virulent strains of 
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PRRSV co-infection. Finally, we investigated the role of the PD-L1/programmed death ligand-1 

(PD-1) axis in porcine lymphocyte anergy, apoptosis, and the induction of Tregs. Lymphocyte 

populations with normal PD-1 expression had significantly higher percentages of anergic and 

apoptotic lymphocytes, and CD4+CD25HighFoxP3+ Tregs when compared to a PD-1 deficient 

lymphocyte population. The findings from these studies indicate host immune modulation by 

PCV2 in vivo and the development of a regulatory phenotype of dendritic cell following 

PCV2/PRRSV co-infections in vitro that may contribute to a dysfunctional adaptive immune 

response and the overall pathogenesis of PCVAD.  
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Chapter 1: Introduction 

 Since its initial description in 1998 (Allan et al., 1998; Ellis et al., 1998) porcine 

circovirus type 2 (PCV2) has been the target of a great number of research endeavors. PCV2 is 

the causative agent of a group of diseases and syndromes occurring in pigs known collectively as 

porcine circovirus-associated disease (PCVAD). Although PCV2 is essential for the 

development of PCVAD, the most typical outcome of singular PCV2 exposure is a subclinical 

infection (Opriessnig and Halbur, 2012). For the full development of PCVAD to occur there is a 

need for a co-infecting pathogen. Several important viral and bacterial co-infecting pathogens 

have been identified thus far, perhaps none more prevalent than porcine reproductive and 

respiratory syndrome virus (PRRSV). PRRSV has been identified in several studies investigating 

PCVAD (Dorr et al., 2007; Drolet et al., 2003; Grau-Roma and Segales, 2007; Morandi et al., 

2010; Wellenberg et al., 2004). In one study the presence of PRRSV was found in as many as 

83% of the affected pigs (Wellenberg et al., 2004). A multitude of studies have investigated the 

interplay between PCV2 and PRRSV that leads to PCVAD, however the entire picture of 

pathogenesis remains elusive. The first aim of this dissertation examined the effect of the 

addition of PCV2 to a multiple viral challenge containing PRRSV on host cytokine responses 

and the induction of regulatory T-cells (Tregs) in an attempt to identify immune modulations that 

may potentiate disease in vivo. The addition of PCV2 resulted in a significant increase (p<0.05) 

in CD4+CD8+CD25HighFoxP3+ and CD4+CD8-CD25HighFoxP3+ Tregs 14 days post viral 

challenge (DPC). Levels of IL-10 and IFN-γ were also found to be altered when PCV2 was 

included in the viral challenge. Circulating IFN-γ levels were found to be significantly higher 

(p<0.05) in pigs with PCV2 in the viral challenge beginning on DPC 14 and continuing at DPC 

21. IL-10 expression levels in the lungs of pigs containing PCV2 in the viral challenge were 
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found to be significantly higher (p<0.05) when compared to uninfected controls. The results of 

this first study implicate PCV2 in the initial immune suppression and subsequent immune 

stimulation that we hypothesize may be important in the pathogenesis of PCVAD. 

One PCVAD of particular interest is PCV2 systemic disease (PCV2-SD). Formerly 

known as postweaning multisystemic wasting syndrome, PCV2-SD is a multifactorial disease 

with morbidity and mortality rates commonly found to range from 4-30% and 4-20% 

respectively, though both rates can occasionally be higher (Segales and Domingo, 2002). PCV2-

SD is clinically noted by wasting ,weight loss, failure to gain weight, respiratory and 

gastrointestinal distress, and occasional jaundice (Segales, 2012). Because of the negative health 

and economic impact of PCV2-SD, a better understanding of the development and progression of 

the disease is needed. One of the hallmark lesions of PCV2-SD is histiocytic replacement of 

lymphoid tissue. During histiocytic replacement there is an infiltration of histiocytes into the 

lymph nodes, tonsils, and spleens of afflicted animals and a subsequent loss of lymphocytes 

(Allan et al., 1999; Ellis et al., 1999; Fenaux et al., 2004). Several mechanisms have been 

implicated in the depletion of lymphocytes in cases of PCV2-SD, including increased FasL 

activation, viral-induced lysis of lymphocytes, and the destruction of the lymphoid architecture 

(Darwich and Mateu, 2012). However, none of the proposed mechanisms have to date been 

experimentally confirmed as the responsible mechanism(s). In order to better understand the 

lymphocytic loss observed in cases of PCV2-SD, and attempt to address the co-infection 

necessity for the development of PCVAD, the second and third aims of this dissertation were 

directed towards investigation into the modulation of dendritic cells by PCV2 and PRRSV co-

infections.  



 

3 

 Dendritic cells (DCs) are important sentinels of the immune system that process and 

subsequently present antigens from foreign pathogens. Correct antigen presentation and 

lymphocyte activation by DCs is critical for an effective adaptive immune response. DC cytokine 

production and expression levels of surface molecules help in determining the type of immune 

response and the efficiency with which it will proceed (Banchereau and Steinman, 1998).  Co-

stimulatory surface molecules such as CD86, MHCI, and MHC II engage with their ligands on 

lymphocytes and trigger an active immune response. However, DC surface expression of 

regulatory surface molecules such as programmed death ligand-1 (PD-L1) can down regulate 

lymphocyte activation and lead to a suppression of the lymphocyte response (Selenko-Gebauer et 

al., 2003). Because of the importance of proper DC function in adaptive immune response 

development, and because both PCV2 and PRRSV are associated with DCs during the course of 

an infection (Darwich et al., 2010; Darwich and Mateu, 2012), the phenotype of DC that 

develops following co-infection is an important research topic. In the second aim of this 

dissertation monocyte derived dendritic cells (MoDC) were genotyped and phenotyped following 

PCV2 and/or PRRSV infections to determine expression levels of the regulatory marker PD-L1, 

and the stimulatory markers swine lymphocyte antigen-1 (SLA-1) and swine lymphocyte 

antigen-1 (SLA-2). The results showed that the expression levels of PD-L1 were significantly 

increased (p<0.05)   in PCV2-infected MoDCs, as well as in PCV2 and PRRSV co-infected 

MoDCs.  The MoDCs infected with PRRSV only also showed a strain-dependent increase in 

PD-L1 expression. SLA-1 and 2 expression levels were significantly increased (p<0.05) by 

PCV2 infection, and altered in the PRRSV, and PCV2/PRRSV co-infected MoDCs in a strain-

dependent manner.  
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 Expanding on the results from the second aim, the third aim of this dissertation further 

examined the phenotype of DC that occurs following PCV2/PRRSV co-infection by evaluating 

PD-L1, CD86, and IL-10 expression. As in the second aim, PD-L1 expression was significantly 

increased (p<0.05) in PCV2 and PCV2/PRRSV co-infected MoDCs, while singular PRRSV 

infection of MoDCs significantly increased (p<0.05) PD-L1 in a strain-dependent manner. CD86 

expression was significantly increased (p<0.05) during singular PCV2 infection of MoDCs and 

significantly decreased (p<0.05) in the MoDC treatment groups containing both PCV2 and 

virulent stains of PRRSV. MoDC IL-10 expression was significantly increased (p<0.05) by 

singular PCV2 infection and PCV2 plus virulent strains of PRRSV co-infection. Taken together, 

the results from aim 2 and the first segment of aim 3 demonstrate the induction of a regulatory 

phenotype of MoDC following PCV2/PRRSV co-infection noted by decreased co-stimulatory 

marker expression, increased co-regulatory marker expression, and the highest levels of IL-10 

expression. However, in cases of singular PCV2 exposure the observed significant increases in 

MoDC co-stimulatory marker expression may be enough for the proper activation of 

lymphocytes despite increases in IL-10 and PD-L1 expression. This may in part account for the 

reported functional T-cell responses in singular PCV2 infected subclinical pigs (Steiner et al., 

2009). We hypothesize that the regulatory phenotype of DC as described in the PCV2/PRRSV 

co-infected MoDCs from the current experiments may be a mechanism of immune suppression 

in cases PCVAD pathogenesis. 

 The heightened MoDC PD-L1 expression observed in the above experiments raised 

questions about the possible effects of increased PD-L1 expression on lymphocyte responses in 

swine. Previous research in both murine and human species has demonstrated a role for the PD-

L1/programmed cell death-1 (PD-1) axis in lymphocyte anergy, apoptosis, and the induction and 
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maintenance of Tregs (Amarnath et al., 2011; Francisco et al., 2009; Muhlbauer et al., 2006; Pen 

et al., 2014). To investigate the possible effects of increased MoDC PD-L1 expression and the 

PD-L1/PD-1 axis in swine, the final experiment of this dissertation utilized siRNA and the 

process of RNA interference to compare the responses of normal PD-1 expressing lymphocyte 

populations with the responses of PD-1 deficient (PD-1(-)) lymphocyte populations. The results 

showed lymphocyte populations with normal PD-1 expression had significantly higher (p<0.05) 

percentages of anergic and apoptotic lymphocytes, and CD4+CD25HighFoxP3+ regulatory T-cells 

when compared to a PD-1(-) lymphocyte population. The description of the involvement of the 

PD-L1/PD-1 axis in swine lymphocyte anergy, apoptosis, and the induction of Tregs gives 

credence to the hypothesis that increased DC PD-L1 expression in cases of PCV2/PRRSV co-

infections is a potential mechanism of immune suppression and lymphocyte depletion reported in 

cases of PCVAD.   
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Chapter 2: Literature Review 

Introduction 

Porcine circovirus associated disease (PCVAD) is currently one of the most economically 

important diseases facing the global pig industry. PCVAD encompasses several syndromes and 

diseases including, porcine circovirus type-2(PCV2)-systemic disease, pneumonia, enteritis, and 

reproductive failure (Opriessnig and Langohr, 2012). Reported cases of PCVAD are present in 

herds in every major swine producing country. It has been previously reported that PCVAD on 

average costs producers 3-4 dollars per pig, and up to 20 dollars per pig during outbreaks in the 

United States (Gillespie et al., 2009). Widespread vaccination programs for porcine circovirus 

type 2 (PCV2) in recent years have been effective at reducing PCV2 associated clinical disease 

in pig productions and have helped in reducing the economic impact of PCV2 (Opriessnig et al., 

2012). Although the current PCV2 vaccines have had a positive impact on clinical disease, our 

understanding of the basic mechanisms involved in the pathogenesis of PCVAD is still lacking, 

and the threat of emerging strains or mutants of PCV2 highlight the need for continued research 

to combat future PCVAD outbreaks.  

PCV2 Taxonomy and Genomic organization 

Porcine circovirus (PCV) can be divided into two main types, the non-pathogenic porcine 

circovirus type-1 (PCV1), and the pathogenic porcine circovirus type-2. Both types of PCV’s are 

circular, non-enveloped, DNA viruses in the Circoviridae family, genus Circovirus (Todd, 

2004). PCV1 was the first type discovered as a contaminant of the pig kidney cell culture line, 

PK-15, in 1974 (Tischer et al., 1974). PCV2 was first described over 30 years later in 1998 

(Allan et al., 1998; Meehan et al., 1998), and can be divided into at least three genotypes PCV2a, 
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PCV2b, and PCV2c. Prior to 2005, PCV2a was the predominant strain in swine herds throughout 

North America. However, in 2005-2006 a global shift was observed wherein PCV2b became the 

main genotype circulating throughout the world’s swine herds (Gagnon et al., 2010; Lager et al., 

2007; Meng, 2012; Patterson and Opriessnig, 2010). Although the shift to PCV2b was first 

observed in 2005-2006, a 2007 study analyzed 218 full length PCV2 genomes and determined 

the global shift to PCV2b dominance  occurred prior to 2003(Dupont et al., 2008; Meng, 2012). 

PCV2c has been reported only from a few non-diseased herds in Denmark (Segales et al., 2008). 

In May of 2012 PCVAD cases were reported from a production farm that routinely vaccinated 

against PCV2. A mutant strain of PCV2b not previously seen in North America was determined 

to be the cause of the outbreak. The new mutant strain was 99.9% identical to a PCV strain 

isolated in China in 2010. This new mutant strain is thought to be more virulent than classical 

PCV2a or PCV2b and current vaccines may not provide full protection against the new 

strain(Opriessnig et al., 2013).    

 The genomic organization of PCV1 and PCV2 is very similar and the replication factors 

are interchangeable between the two viruses (Cheung, 2012). PCV2 produces 11 viral RNA’s 

that have thus far been detected in infected cells, though their function has not been elucidated 

(Gao et al., 2014). Sequence analysis reveals a possible 8 open reading frames (ORFs) on the 

PCV2 genome, with two well described, functional ORFs. ORF 1 is in a clockwise orientation 

and encodes two replication proteins, Rep and Rep’. Rep is encoded by the entire ORF1 while 

Rep’ is identical to Rep in the N-terminus portion but is spliced at the 3’ portion to a different 

ORF (Cheung, 2012). Both Rep and Rep’ localize to the nucleus and bind to the PCV2 origin of 

replication but they do so with different specificity (Finsterbusch et al., 2005; Steinfeldt et al., 

2001). ORF 2 encodes the capsid protein and is found on the complimentary strand. Also found 



 

8 

on the complimentary strand is a putative ORF 3 that has been reported to be involved in cellular 

apoptosis (Liu et al., 2006; Liu et al., 2005). However, other laboratories have been unable to 

verify the role of ORF 3(Juhan et al., 2010). ORF 4 completely overlaps with ORF 3 and has a 

possible role inhibiting ORF 3 induced cellular apoptosis (Gao et al., 2014) 

 The different types and strains of PCVs vary in their genomic size and nucleotide 

sequence. PCV1 has a genome of 1759 nucleotides, PCV2a has a genome of 1768 nucleotides, 

and PCV2b has a genome of 1767 nucleotides (Trible and Rowland, 2012). PCV1 and PCV2 

share approximately 70% sequence homology, while PCV2a and PCV2b share approximately 

95% sequence homology (Trible and Rowland, 2012). The main difference between PCV2a and 

PCV2b occurs in the cap gene where the two types of PCV2 share approximately 90% sequence 

homology (Trible and Rowland, 2012).  

 

PCV2 Life Cycle and Transmission 

PCV2 infections occur in swine throughout the prenatal process and at different ages 

postnatally with differing outcomes and affected tissues (Segales et al., 2005). PCV2 infection of 

embryos leads to embryonic death and reabsorption by the sow (Mateusen et al., 2007). Viral 

tropism and replication in fetuses at 40-70 days of gestation is mainly in cardiomyocytes, 

hepatocytes, and monocytic cells (Sanchez et al., 2003). High replication in cardiomyocytes 

leads to heart failure of the fetus and mummification (Sanchez et al., 2004). After 70 days of 

gestation the replication rate of PCV2 declines considerably. Fetuses older than 70 days of 

gestation begin to develop a humoral immune response and the rate of mitosis decreases leaving 

PCV2 without a high number of dividing cells and the corresponding cellular polymerases 

needed for its own replication (Gassmann et al., 1988). In postnatal pigs PCV2 no longer has 
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tropism for cardiomyocytes and instead begins to effect lymphoblasts and monocytic cells. 

Lymphoblasts are fully susceptible to PCV2 and lead to a productive infection, while monocytic 

cells mainly take up virus particles but rarely lead to a productive infection (Lefebvre et al., 

2008; Nauwynck et al., 2012; Sanchez et al., 2004). Although lymphoblasts and monocytic cells 

are the main targets for PCV2, replication has also been reported in epithelial and endothelial 

cells, and fibrocytes (Steiner et al., 2008). 

 PCV2 mainly utilizes glycosaminoglycans such as heparan sulphate and chondroitin 

sulphate B as cellular receptors for virus entry (Misinzo et al., 2006). Different cell types have 

different mechanisms for viral entry of PCV2. In certain monocytic cells PCV2 enters 

inefficiently via endocytosis in a clathrin dependent manner (Misinzo et al., 2005). Although this 

mechanism has been shown for the 3D4/31 monocytic cell line, the exact mechanism ofPCV2 

entry into other monocytic cells such as macrophages, dendritic cells, and other monocyte lines 

has not yet been characterized (Meerts et al., 2005a; Meerts et al., 2005b; Steiner et al., 2008; 

Vincent et al., 2003). Epithelial cell entry can occur in one of two ways. First, PCV2 may be 

internalized via a dynamin and cholesterol independent, but actin and small GTPase dependent 

pathway leading to a productive infection. Secondly, PCV2 may enter epithelial cells through a 

clathrin dependent pathway that does not lead to a productive infection (Nauwynck et al., 2012)  

 Once inside the cell, disassembly of PCV2 again depends on the affected cell type. It is 

hypothesized that cell specific proteases active at different pH levels in different cell types can 

be used to explain the differing disassembly mechanisms observed (Nauwynck et al., 2012). 

Once uncoated, the single stranded viral genome is transported to nucleus where it is converted 

to a double stranded intermediate that serves as the template for Viral DNA synthesis and 

transcription (Cheung, 2012). Transcription is carried out by cellular enzymes and occurs in a 
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bidirectional manner with various viral RNA’s produced through alternative splicing (Cheung, 

2003a, b). Initiation of viral DNA synthesis occurs via a rolling circle mechanism at the viral 

genome origin of replication with required participation of the Rep-complex and a cis-acting 

element (Cheung, 2007; Mankertz et al., 1997). The subsequent elongation process is carried out 

by cellular enzymes as the Rep-complex contains no polymerase activity (Cheung, 2012). 

Currently the termination of PCV2 replication has not been determined conclusively (Cheung, 

2012). 

PCV2 can be shed or transmitted through a variety of routes. Horizontal transmission 

occurs mainly through direct contact with infected feces, urine, or infected animals via the 

oronasal route (Gillespie et al., 2009; Patterson and Opriessnig, 2010). Airborne spread of PCV2 

has also been demonstrated as an effective transmission route. Air from a holding room 

containing PCV2 positive pigs was continuously pumped into a separate holding room with 

PCV2 naive pigs that subsequently became infected with PCV2 (Kristensen et al., 2013). Other 

exposure routes of PCV2 have been studied but the clinical and epidemiological impact of these 

routes remains to be established experimentally. A 2009 study found that pigs became infected 

with PCV2 after consuming uncooked meat from an infected pig (Opriessnig et al., 2009b). 

However; this direct oral route of consumption showed a delay in seroconversion suggesting that 

this route of infection may not be efficient (Rose et al., 2012). More experimental evidence is 

required to determine if transmission routes such as oral consumption, vaccine contamination, 

and fomite contamination pose a significant risk to pig herds (Rose et al., 2012).  

 Vertical transmission has also been established as an efficient transmission route of 

PCV2. Transplancental infection of fetuses has been demonstrated and occurs prior to, and after 

the development of fetal immune competence (Shen et al., 2010a). Vertical transmission through 
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infected semen has been shown to produce persistently infected or viremic piglets, and cause 

reproductive failure (Madson et al., 2009; Rose et al., 2007). Although these experiments 

demonstrated infected semen vertical transmission of PCV2, it is unclear if the amount of PCV2 

shed under field conditions in boar semen would be sufficient to infect the fetus (Ladekjaer-

Mikkelsen et al., 2001; Maldonado et al., 2005) 

 

PCV2 associated diseases 

The first case of PCV2 associated disease was described in Canada in 1991. The new 

disease was   referred to as postweaning multisystemic wasting syndrome (PMWS), now referred 

to as PCV2 systemic disease (PCV2-SD), and first characterized by wasting and jaundice (Clark 

1996; Harding 1996). PCV2-SD has since been further described to include conditions such as 

respiratory distress, diarrhea, enlarged subcutaneous lymph nodes, lymphocyte depletion with 

histiocytic replacement, and occasionally icterus (Krakowka et al., 2004; Rosell et al., 1999; 

Segales, 2012). Subsequent experiments and studies performed since the first reported case of 

PCV2-SD have implicated PCV2 in a variety of other conditions and diseases. PCV2 

reproductive disease (PCV2-RD) is noted by late term abortions, still births, and mummification 

of the fetus (Brunborg et al., 2007; Madson et al., 2009; West et al., 1999). Although PCV2-RD 

is reproducible under experimental conditions, questions still remain about the frequency of 

PCV2-RD under field conditions (Segales, 2012). Porcine dermatitis and nephropathy syndrome 

(PDNS) affects pigs of all ages with mortality rates as high as 100% in pigs older than three 

months and a mortality rate of 50% in younger pigs (Segales, 2012). Although the mortality rate 

is high among affected pigs, PDNS is a rare disease with prevalence rates usually below 1% 

(Segales, 2012). Pigs suffering from PDNS can be anorexic, depressed, prostrate, and be 
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reluctant to move or have trouble doing so (Drolet et. al. 1999). The hallmark clinical sign of 

PDNS is the presence of irregular shaped, red or purple macules and papules on the skin, 

primarily on the hind limbs (Segales, 2012). It is important to note that some researchers have 

questioned the role and importance of PCV2 in the development of PDNS (Opriessnig and 

Halbur, 2012). PCV2 lung disease (PCV2-LD) is characterized by respiratory distress (Kim et 

al., 2003), and like PCV2 enteric disease (PCV2-ED) which is characterized by diarrhea (Kim et 

al., 2004; Opriessnig et al., 2007), must be diagnosed by histopathological findings because of 

the overlap with PCV2-SD.  Examination of lung and gut tissues respectively is not enough to 

confirm PCV2-LD or PCV2-ED. In order to diagnosis PCV2-LD or PCV2-ED affected pigs 

must not have the microscopic lesions in lymphoid tissues that would be found in cases of 

PCV2-SD (Segales, 2012). Taken together, the above conditions and diseases have become 

collectively known as porcine circovirus disease (PCVD) in Europe, and porcine circovirus 

associated disease (PCVAD) in North America (Segales, 2012).  

A new PCV2 related disease was recently described in pigs from farms that routinely 

vaccinate for PCV2. The newly described disease known as acute pulmonary edema (APE), is 

characterized by the rapid onset of respiratory distress followed almost immediately by death 

(Cino-Ozuna et al., 2011). Previously described PCVAD’s are noted as slow, progressive 

syndromes. The peracute nature of APE differentiates the new disease from the previous 

PCVADs.  In the 2011 study Cino-Ozuna et al. also did not identify any co-infecting pathogens 

playing a role in the pathogenesis of APE which is normally found in previously characterized 

PCVADs.  

 PCV2 infections are ubiquitous all around the world and the threat of PCVAD 

development is still a major concern to the pig industry, yet the most common result of PCV2 
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exposure is a subclinical infection (Segales, 2012). Retrospective studies have found the first 

known evidence of a PCV2 infection dates to Germany in 1962 (Jacobsen et al., 2009), while the 

first known diagnosis of PCVAD dates to the mid 80’s (Jacobsen et al., 2009; Rodriguez-Arrioja 

et al., 2003). Although a sub-clinical infection may not lead to the development of PCVAD, sub-

clinically infected pigs have been shown to have decreased porcine reproductive and respiratory 

syndrome virus (PRRSV) vaccine efficacy which can threaten the herd with PRRSV-induced 

pneumonia (Opriessnig et al., 2006). 

 

Co-infecting pathogens in PCV2 associated diseases 

 PCV2 has been established as the essential agent in the development and pathogenesis of 

PCVAD (Bolin et al., 2001; Ellis et al., 1999; Ladekjaer-Mikkelsen et al., 2002). However, 

PCV2 alone is rarely enough to cause the development of PCVAD. Other co-infecting pathogens 

play a crucial role in the pathogenesis of PCVAD.  Both viral and bacterial swine pathogens 

have been experimentally shown to contribute to PCVAD, and experimentally PCVAD is most 

efficiently replicated when PCV2 is joined by other swine pathogens in the challenge 

(Opriessnig and Halbur, 2012). Under natural conditions the presence of co-infecting pathogens 

in PCVAD cases is generally accepted as necessary for full disease development.  A 

retrospective study found that of 484 systemic PCVAD cases in the Midwestern United State in 

2000-2001 singular PCV2 infection was detected in only 1.9% of the studied cases (Pallares et 

al., 2002). To date no single co-pathogen has been identified as the solely responsible for 

increasing the severity of PCVAD (Opriessnig and Halbur, 2012), and in fact many pathogens 

have demonstrated the ability to increase the severity of PCVAD.  
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 Porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped, positive 

sense, single stranded RNA virus from the family Arterivirdae, genus Arterivirus, order 

Nidovirales (Cavanagh, 1997; Meulenberg et al., 1993). PRRSV is arguably the most prominent 

co-pathogen in cases of PCVAD. In a 2004 study PRRSV was identified in 83% of the PCVAD 

cases examined (Wellenberg et al., 2004). Several experiments have evaluated the relationship 

between PRRSV and PCV2 in cases of PCVAD. Combined PCV2-PRRSV infections have been 

shown to greatly increase the severity of clinical disease in PCVAD cases (Harms et. al. 2002), 

and PRRSV has been shown to prolong the shedding and enhance the replication of PCV2 (Allan 

et al., 2000; Rovira et al., 2002; Sinha et al., 2010).Other viral pathogens such as torque teno sus, 

swine influenza, pseudorabies, and porcine epidemic diarrhea virus have all been implicated as 

possible co-pathogens in cases of PCVAD (Dorr et al., 2007; Jung et al., 2006; Kekarainen et al., 

2006; Opriessnig and Halbur, 2012; Pallares et al., 2002). Several types of bacteria have also 

been identified as co-pathogens leading to an increase in the severity of PCVAD. Mycoplasma 

hyopneumoniae co-infections are perhaps the most well studied bacterial co-pathogen in cases in 

PCVAD. In a 2011 field study of 147 pig farms seropositivity to Mycoplasma hyopneumoniae 

was identified as a factor correlating to increased PCVAD severity (Alarcon et al., 2011) Other 

experiments and studies involving PCV2-Mycoplasma hyopneumoniae co-infections have found 

that the presence of Mycoplasma hyopneumoniae in the pathogen challenge leads to increased 

PCV2 replication and longer persistence of PCV2 antigen (Opriessnig and Halbur, 2012; 

Opriessnig et al., 2011; Opriessnig et al., 2004). 

 The exact mechanism by which a co-pathogen enhances the severity of PCVAD is yet to 

be elucidated, but several theories have been proposed. PCV2 replication is completely 

dependent on new cellular DNA synthesis in the infected cell (Kennedy et al., 2000), therefore 
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co-pathogen induced cellular proliferation is one mechanism that may give PCV2 the cellular 

environment needed for efficient and increased replication (Opriessnig and Halbur, 2012). 

Cytokine response alteration is another proposed mechanism of enhanced PCV2 replication. For 

example, a recent study involving PCV2 and Mycoplasma hyopneumoniae co-infections found 

that Mycoplasma hyopneumoniae  increased IFN-γ and IL-10 production, while lowering the 

IFN-α response (Zhang et al., 2011). This cytokine environment correlated with increased 

severity of PCVAD (Opriessnig and Halbur, 2012). Immune suppression may also play a role in 

the persistence of PCV2 infections and the severity of PCVAD. PRRSV is one co-pathogen that 

is suspected of inducing immune suppression in cases of PCVAD. Precisely how PRRSV-

induced immune modulations and suppression increase PCV2 replication and persistence is not 

known, but PRRSV-induced increases in regulatory T-cells populations (Silva-Campa et al., 

2012), and PRRSV-induced expression of Fas and  Fas ligand on lymphocytes and macrophages 

(Chang et al., 2007) are two proposed mechanisms.  PRRSV has previously been shown to 

increase the pathogenicity of other respiratory viruses through immune suppression and 

alteration mechanisms (Jung et al., 2009).  

 

Porcine Immune Response to PCV2 

 The type, strength, and efficiency of an immune response are critical in protecting the 

host against any pathogen. In the case of PCV2 infections, this response is shaped in part by the 

fact that PCV2 directly infects cells of the immune system or cells closely associated with 

lymphoid tissue such as stromal cells(Darwich and Mateu, 2012; Steiner et al., 2008). This direct 

interaction with the immune system is mainly associated with PCV2 presence in antigen 

presenting cells (APC’s) such as dendritic cells, monocytes, and macrophages of the innate 
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immune system. PCV2 antigen and DNA have been identified in APC’s, however APC’s are 

reportedly not efficient hosts for PCV2 replication (Chang et al., 2006; Gilpin et al., 2003; Perez-

Martin et al., 2007; Steiner et al., 2008; Vincent et al., 2005; Vincent et al., 2003). Experiments 

involving PCV2-macrophage interactions have reported that macrophages readily internalize 

PCV2 with no effect on the phagocytic ability of the cells and a lack of detectable viral 

replication (Chang et al., 2006). Even without productive replication, PCV2 did have an effect on 

macrophage cytokine production. The presence of PCV2 increases macrophage production of 

tumor necrosis factor-α and interleukin-8, and the mRNA levels of macrophage-derived 

chemotactic factor-II, granulocyte colony-stimulating factor, and monocyte chemotactic protein-

1 (Chang et al., 2006). The presence of PCV2 in macrophages also inhibits the microbicidal 

activity of the cells. Macrophages infected with PCV2 demonstrated a reduced capacity to 

destroy Candida albicans, most likely through impaired production of O2- and H2O2 (Chang et 

al., 2006).  

In dendritic cells (DC), as in macrophages, there is a reported lack of productive PCV2 

replication (Vincent et al., 2003). Even with a lack of productive replication PCV2 can have 

important and differing modulatory effects on DC’s. PCV2 immune modulations in DC’s are 

largely dependent on the DC subset. In myeloid DC’s (mDC) PCV2 has the ability to persist 

without causing apoptosis or altering the surface protein phenotype of the cells (Darwich and 

Mateu, 2012). Less efficient pathogen internalization has been reported in mDC’s with PCV2 

present (Balmelli et al., 2011), however mDC maturation and cytokine production appear to be 

unaffected by PCV2 (Vincent et al., 2005). The harboring of PCV2 in mDC’s has been suggested 

as a mechanism of PCV2 spread and transmission (Vincent et al., 2003). In bone marrow derived 

dendritic cells (BMDC), PCV2 has been shown to alter the cytokine response dramatically. 
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PCV2 shut down the interferon alpha response in BMDCs co-infected with pseudorabies virus 

and also strongly induced IL-12 (Kekarainen et al., 2008a).Plasmacytoid dendritic cells (pDC’s) 

are another subset of DC’s that produce particularly high amounts of type 1 interferons in 

response to viral or bacterial pathogens via pattern recognition receptors. pDC’s are important in 

shaping the initial innate immune response as well as the adaptive immune response (Vincent et 

al., 2007). The presence of PCV2 in pDC’s inhibits their typically high production of type 1 

interferons, as well as the production of other important cytokines such as tumor necrosis factor-

alpha (Vincent et al., 2005). This type of inhibited cytokine production is thought to impair mDC 

maturation in response to pathogen challenge and subsequently alter the adaptive response as 

well (Takeda et al., 2003).   

Several studies have found that the viral DNA is responsible for a majority, though not 

all, of the observed PCV2 immune modulations (Hasslung et al., 2005; Kekarainen et al., 2008a; 

Kekarainen et al., 2008b; Vincent et al., 2007; Wikstrom et al., 2011; Wikstrom et al., 2007). 

PCV2 CpG-ODN’s have been shown to alter cytokine production in APCs and peripheral blood 

mononuclear cell (PBMC) populations (Kekarainen et al., 2010). For example,  PCV2 CpG-

ODN’s are responsible for the silencing of  the type 1 interferon response in stimulated pDC’s 

discussed previously (Vincent et al., 2007). The double stranded (ds) intermediate replicative 

form of the PCV2 genome has also been demonstrated as immunomodulatory. PCV2 dsDNA 

was found to interfere with cytoskeletal rearrangements in pDC’s, and reduce the endocytosis 

efficiency of myeloid DC’s (Balmelli et al., 2011).  Although a majority of PCV2 induced 

immune modulations discovered thus far been have been attributed to PCV2 DNA, viable PCV2 

virions also have the ability to alter immune function. Viable PCV2 virions were shown to 



 

18 

induce IL-10 production in PBMCs, while virus like particles and PCV2 CpG-ODN’s failed to 

do so (Kekarainen et al., 2008a).  

Immune modulations that occur during co-infection are of particular interest for their 

contribution to the pathogenesis of PCVAD. PCV2-SD afflicted pigs often have altered cytokine 

responses as one mechanism of immune modulation.  PBMC from PCV2 infected pigs have a 

decreased capacity to produce IL-2, IL-4, and IFN-γ, thus hampering the overall immune 

response (Darwich et al., 2003a). Increased IL-10 production in lymphoid tissue and PBMC 

populations is a common finding in pigs suffering from PCV2-SD (Darwich et al., 2003a; Doster 

et al., 2010; Kim and Chae, 2004; Sipos et al., 2004). Pigs suffering from PVC2-SD have 

demonstrated elevated levels of IL-10 in their thymus (Darwich et al., 2003b), mandibular lymph 

node, spleen, and tonsils (Doster et al., 2010) and their serum (Hasslung et al., 2005; Stevenson 

et al., 2006). IL-10 is produced by a range of cell types and is an immunosuppressive cytokine 

with a high degree of anti-inflammatory activity (Doster et al., 2010). High levels of IL-10 

production in virally infected hosts have been associated with inhibited viral clearance leading to 

viral persistence (Quintana et al., 2001). Based on experimental evidence it appears that IL-10 

and its immunosuppressive activity may have an important role in the pathogenesis of PCVAD 

(Darwich and Mateu, 2012).  

The development of PCVAD is the worst case scenario in PCV2 exposure, but it is not 

the most common. As mentioned before, a vast majority of PCV2 exposures lead to subclinical 

infections. In cases of PCV2 sub-clinical infections host protection is mediated by a combination 

of neutralizing antibody (NA) production and cell mediated immune responses (Darwich and 

Mateu, 2012). NA levels in PCV2 infected pigs have been directly correlated with viral 

replication (Meerts et al., 2005c) and clinical outcome (Fort et al., 2007). The Cap protein of 
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PCV2 is the most immunogenic and contains neutralizing epitopes that provide NA protection 

(Blanchard et al., 2003; Darwich and Mateu, 2012). Cell mediated response to PCV2 is has been 

determined experimentally through monitoring the levels IFN-γ secreting cells. The development 

of both CD4+, and CD8+, IFN-γ secreting T-cells occurs during PCV2 infection and most likely 

contributes to host protection (Fort et al., 2009b; Steiner et al., 2009). Both the Cap and Rep 

proteins of PCV2 contribute to cell mediated protection in subclinical cases of PCV2 infection 

(Fort et al., 2010). The duration of host protection provided after natural infection or vaccination 

has not been elucidated conclusively (Darwich and Mateu, 2012). One experiment found that the 

presence of NA was still detectable three months after vaccination and still provided protection 

against the development viremia (Opriessnig et al., 2009a).  

 

Regulatory T-cells 

 Regulatory T-cells (Treg) are critical cells of the immune system that help to prevent 

chronic inflammation, prevent autoimmune disease, and promote peripheral tolerance to non-

harmful and self-antigens. The immuno suppressive functions of Tregs are critical to maintaining 

cellular homeostasis but they can also have negative effects during viral infection. Numerous 

studies have found that an increase in Tregs can limit viral clearance and be detrimental to the 

clinical outcome (Andersson et al., 2005; Belkaid, 2007; Boettler et al., 2005; Rouse et al., 2006; 

Rushbrook et al., 2005; Suvas et al., 2003). The importance of Tregs has made them the focus of 

many research endeavors over the past 15 years, though the full scope and function of Tregs in 

immune system modulations has yet to be fully characterized. 
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 Tregs can be generally separated into two types, natural Tregs (nTregs), and inducible 

Tregs (iTregs) (Kaser et al., 2012). nTregs develop in the thymus, while iTregs are a less well 

characterized subset of Tregs that develop in the periphery in response to certain cytokine 

environments or prolonged antigen exposure. nTregs are phenotypically defined by expression of 

CD4, high levels of CD25, the transcription factor forkhead box P3 (FoxP3), and have a T-cell 

receptor repertoire biased towards self-antigens (Fontenot et al., 2003; Francisco et al., 2009; 

Hori et al., 2003; Vignali et al., 2008). iTregs also express FoxP3 but lack a further common 

phenotype; they develop in both the CD4+ and CD8+ T-cell subsets, and are characterized by 

their suppressive functions and the production of suppressive cytokines such as IL-10 (Kaser et 

al., 2012; Mills, 2004). It is important to note that while expression of FoxP3 is essential for Treg 

development, in human cells FoxP3 expression is not limited to Tregs, therefore FoxP3 

expression alone is not sufficient to characterize Tregs. A significant portion of human T-cells 

can express FoxP3 while possessing no suppressive activity (Allan et al., 2007; Gavin et al., 

2006; Morgan et al., 2005; Tran et al., 2007; Vignali et al., 2008; Wang et al., 2007). Although 

both Treg subsets have immune suppression functions, it has been proposed that the 

responsibilities of the two subsets are independent of one another. nTregs are proposed to have 

more of a role in preventing autoimmune diseases, while iTregs are involved in limiting chronic 

inflammation and play a major role during infections (Curotto de Lafaille and Lafaille, 2009). An 

interesting overlap between the two Treg subsets is the activation of iTregs by nTregs. Activated 

nTregs have been shown to produce immunosuppressive cytokines which alter the immune 

environment in the periphery and lead to the induction of iTregs (Andersson et al., 2008). 

There is a wide variety of proposed mechanisms of immune suppression carried out by 

Tregs. Below is a summary of Treg mediated suppressive mechanisms as reviewed by Vignali et. 
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al. 2008 (Vignali et al., 2008). Treg mediated suppression through the production of IL-10 and 

TGF-β has been the focus of many research efforts in recent years. Although IL-10 and TGF-β 

are well established immunosuppressive cytokines, there is conflicting data regarding the 

necessity of these cytokines to Treg function.  Recent in vivo studies have demonstrated the 

importance of IL-10 producing Tregs in the control of asthma and allergic reactions through 

immune response dampening and TGF-β induction (Hawrylowicz and O'Garra, 2005; Joetham et 

al., 2007). However, in vitro studies have found that IL-10 and TGF-β production by Tregs was 

not essential to immune suppression function. (Dieckmann et al., 2001; Takahashi et al., 1998; 

Thornton and Shevach, 1998). Regardless of the direct role of secreting immunosuppressive 

cytokines by Tregs, IL-10 and TGF-β are known to induce iTregs thereby contributing to Treg 

immune suppression (Andersson et al., 2008; Vignali et al., 2008).  

Another proposed mechanism of Treg immune suppression is cytolysis of targeted cells. 

Treg mediated cytolysis has been shown to occur through the production of granzyme B and 

perforin (Grossman et al., 2004),  through the TRAIL-DR5 pathway (Ren et al., 2007), and 

through galectin production in a granzyme and perforin independent manner (Toscano et al., 

2007). 

 Metabolic disruption is a group of proposed suppression mechanisms that alter the 

survival, proliferation, and inhibitory signals received by target effector T-cell populations. 

Sequestration of IL-2 by Tregs expressing a high level of CD25 has long been a proposed 

mechanism for Treg inhibition. As with many topics involving Treg research, there is debate as 

to whether IL-2 consumption by Tregs is, by itself, sufficient for immune suppression.  One 

study found that cytokine deprivation, particularly IL-2 deprivation, mediated effector T-cell 

apoptosis (Pandiyan et al., 2007). However this also included the depletion of other cytokines, 
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and Oberle et. al. have demonstrated that IL-2 deprivation is not required for Treg mediated 

immune suppression (Oberle et al., 2007). Another suppression mechanism that is included in the 

metabolic disruption group is the production of adenosine nucleosides by Tregs. Pericellular 

adenosine binding with the A2A receptor on effector T-cells was shown to suppress target cell 

function, and also increase Treg populations by altering the cytokine production of the effector 

T-cells from IL-6 production to TGF-β production (Deaglio et al., 2007; Zarek et al., 2008). A 

final mechanism of Treg suppression that falls under the metabolic disruption category is the 

transfer of cyclic AMP from Tregs to effector T-cells through membrane gap junctions. Tregs 

harbor a large amount of cyclic AMP, and upon transfer to neighboring effector T-cells the 

cyclic AMP inhibits proliferation and IL-2 production in the target cell (Bodor et al., 2012; Bopp 

et al., 2007). 

 The previously discussed Treg suppression mechanisms have focused on direct Treg 

suppression of effector T-cells. However, Treg manipulation of dendritic cell function is also a 

proposed mechanism of Treg immune suppression. Tregs constitutively express cytotoxic T-

lymphocyte antigen 4 (CTLA4) which when engaged with CD80 or CD86 on DC’s suppresses 

DC activation of effector T-cells by downregulation of stimulatory molecules on the DC’s 

surface (Oderup et al., 2006; Read et al., 2000; Serra et al., 2003). CTLA4 engagement to 

CD80/86 on DC’s also causes DC’s to express indoleamine 2,3-dioxygenase (IDO) which 

modulates tryptophan metabolism by the DC’s suppressing the downstream activation of effector 

T-cells (Fallarino et al., 2003; Mellor and Munn, 2004). Downregulation of stimulatory 

molecules such as CD80/CD86, or B7-H4 on DC’s by Tregs has been shown in several 

experiments, though the exact mechanism of this DC phenotype alteration has yet to be 

elucidated  (Cederbom et al., 2000; Kryczek et al., 2006; Vignali et al., 2008). Suppression of 
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DC maturation and antigen presenting capabilities by Tregs has also been observed 

experimentally. One mechanism of interest in blocking DC maturation is Treg expression of 

lymphocyte-activation gene 3 (Lag3). Lag3 binds to MHC II molecules on immature DC’s and 

induces an inhibitory pathway in the DC’s leading to stunted maturation and immunostimulatory 

capacity (Liang et al., 2008).  

Porcine Tregs 

 Porcine Tregs, like human and murine Tregs, are noted by their expression of the 

transcription factor FoxP3 and occur in both iTreg and nTreg classes (Kaser et al., 2012). Porcine 

Tregs were first characterized both phenotypically and functionally in 2008 (Kaser et al., 2008). 

Since their first description several research endeavors have focused on uncovering the 

suppressive mechanisms employed by porcine Tregs. In general, porcine Tregs utilize the same 

main classes of suppression as human and murine Tregs; cell-cell contact dependent 

mechanisms, the production of soluble suppressive factors, and competition for growth factors 

(Kaser et al., 2011).  However, research in to porcine Tregs is still in the early stages and exact 

mechanisms of suppression proven in other species have yet to be tested in porcine Tregs. 

 The role of Tregs during swine infections is an ongoing field of research. To date, the 

role of Tregs in bacterial and parasitic swine infections has yet to be fully elucidated. Viral 

infection impact of porcine Tregs has been most comprehensively studied in PRRSV infection 

models. PRRSV has been shown to induce Tregs during infection, thereby contributing to 

disease progression and the persistent nature of a PRRSV infection (LeRoith et al., 2011; Silva-

Campa et al., 2010; Silva-Campa et al., 2009; Wongyanin et al., 2010). Co-infection of DC’s 

with PCV2a and PRRSV in an in vitro model of PCVAD have also shown an increase in the 
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percentage of Tregs (Cecere et al., 2012). The role of Tregs during viral infections could be 

profound as immune system modulations, particularly immune suppression, are suspected 

mechanisms leading to decreased clinical outcomes during swine viral infection outbreaks. 

 

Programmed Death Ligand-1 

 Programmed death ligand-1 (PD-L1), also known as cluster of differentiation 274, and 

B7-H1, is a type 1 transmembrane protein with immune suppression activities (Freeman et al., 

2000; Jeon et al., 2007). PD-L1 and its ligand, programmed death-1 (PD-1), have emerged as 

important research and therapy targets because of their role in disease through immune 

suppression. PD-L1/PD-1 binding has been implicated in immune tolerance and suppression 

during tumor development, pregnancy, tissue grafts, autoimmune disease, and infections 

(Freeman et al., 2000; Koga et al., 2004; Pen et al., 2014; Polanczyk et al., 2006; Shi et al., 

2011). PD-L1 engagement with PD-1 on effector T-cells blocks T-cell receptor signaling by 

inhibiting phosphatidylinositol 3-kinase activation and recruiting Src homology region 2 domain-

containing phosphatase -1 (SHP-1) and SHP-2 leading to T-cell dysfunction and exhaustion 

(Chemnitz et al., 2004; Francisco et al., 2010). PD-L1 is expressed on DC’s, macrophages, 

activated T and B-cells, and a variety of other tissues. The role of PD-L1 appears to be cell type 

dependent and all the activities of PD-L1 in different settings are not yet entirely clear, though 

PD-L1 expression on non-lymphoid tissues is hypothesized to play a role in determining the 

extent of immune responses at local sites of inflammation, and increased PD-L1 expression on 

antigen presenting cells has been experimentally established as an immune suppression 

mechanism (Freeman et al., 2000; Jeon et al., 2007; Pen et al., 2014) 
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PD-L1 and viral infections 

 Dysfunction of antigen-specific T-cells is one characteristic commonly found during viral 

infections that aides in virus survival and increases disease severity. One of the phenotypic 

hallmarks of impaired T-cell function during both chronic and acute viral infections is increased 

PD-1 expression (Barber et al., 2006; McNally et al., 2013). Increased levels of PD-1 expression 

on T-cells increases engagement with PD-L1 found on many cell types and tissues. During 

adenoviral and hepatitis B infections PD-L1 is up-regulated on hepatocytes leading to decreased 

T-cell function, T-cell apoptosis, and lowered viral clearance (Muhlbauer et al., 2006). A study 

by McNally et. al. in 2013 found that airway epithelial cells increase expression of PD-L1 upon 

infection with influenza A virus increasing the viral load and slowing disease recovery. 

Interference with the PD-L1/PD-1 axis by PD-L1 blocking antibody returned T-cell function and 

improved disease recovery (McNally et al., 2013). Numerous studies examining a multitude of 

viruses such as human immunodeficiency virus, chronic lymphocytic choriomeningitis virus, 

hepatitis B, and hepatitis C have also shown that PD-L1/PD-1 binding is detrimental to the host 

during infections and a subsequent blockade of PD-L1 leads to returned T-cell function and 

better viral clearance (Barber et al., 2006; Boni et al., 2007; Day et al., 2006; Urbani et al., 2006; 

West et al., 2013).     

 Viral infections can influence the expression of PD-L1 besides direct infection of the 

target cell through alterations in the production of Type 1 interferons.  Experimental evidence 

has shown that PD-L1 expression levels increase in the presence of Type 1 interferons in both 

human and murine models (Muhlbauer et al., 2006; Teijaro et al., 2013; Wilson et al., 2013). 

Because of this, viruses that alter the production of type 1 interferons have direct impact on the 

PD-L1/PD-1 axis and the downstream immune system modulations. Plasmacytoid dendritic cells 
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(pDCs), also known as natural interferon producing cells, produce particularly high amounts of 

type 1 interferons upon stimulation by an invading pathogen. Type 1 interferon production by 

pDCs is crucial to shaping the host immune response. Several viruses have been experimentally 

shown to alter pDC type 1 interferon production, which not only affects overall NK, and T and B 

cell responses, but can also directly inhibit or induce PD-L1 expression (Colonna et al., 2004; 

Liu, 2005; Teijaro et al., 2013). PCV2 has been shown to shut down the type 1 interferon 

response in pDCs, while PRRSV has been shown to alter the pDC type 1 interferon response by 

either inducing or suppressing type 1 interferon production in a strain dependent manner 

(Baumann et al., 2013; Vincent et al., 2007; Vincent et al., 2005). These observed modulations to 

the type 1 interferon response in pDCs may directly contribute the pathogenesis of both viruses 

through altered PD-L1 expression levels.   

PD-L1 and DC’s 

 Proper dendritic cell (DC) function is critical to a host’s ability to mount an effective 

immune response against an invading pathogen. During an infection DCs capture and process 

antigens in order to coordinate the adaptive immune response. DC cytokine production and 

expression levels of surface molecules help in determining the type of immune response and the 

efficiency with which it will proceed (Banchereau and Steinman, 1998). Co-stimulatory surface 

molecules such as CD80, CD86, MHC II, and CD40 engage with their ligands on lymphocytes 

and trigger an active immune response. However, DC surface expression of regulatory surface 

molecules such as PD-L1 can down regulate lymphocyte activation and lead to immune 

suppression. This type of immune suppression aides in preventing autoimmune diseases and 

excessive inflammation as an infection proceeds, but can also be utilized by viral pathogens as a 

mechanism to evade an effective lymphocyte response.  The balance between expression levels 
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of stimulatory and regulatory surface molecules can determine a DCs immune function and 

phenotype as stimulatory or regulatory (Wolfle et al., 2011). Regulatory DCs mature in an 

immune environment that favors expression of regulatory surface molecules, such as prolonged 

exposure to IL-10, TGFβ, TNF-α, or certain toll like receptor agonists (Faunce et al., 2004; 

McGuirk et al., 2002; Menges et al., 2002; Wolfle et al., 2011). These regulatory DCs have been 

phenotypically characterized in human and murine models by their production of IL-10 and high 

expression levels of regulatory molecules such as PD-L1, PD-L2, ILT3, and ILT4 (Gordon et al., 

2014). Differentiation into regulatory DCs occurs via STAT-3 signaling, which when 

experimentally blocked reduces regulatory surface molecule expression (Wolfle et al., 2011). 

 High DC expression levels of PD-L1 have been shown experimentally to have a negative 

impact on T-cell function (Selenko-Gebauer et al., 2003). An increase in overall PD-L1 

expression along with an increased PD-L1/CD86 ratio impairs DC function during hepatitis C 

infections leading to reduced stimulatory capacity and T-cell exhaustion (Shen et al., 2010b). 

Another study found that blocking the activity of PD-L1 on DCs during exposure to influenza 

virus nuclear protein 1 returned function and cytokine production to exhausted antigen-specific 

T-cells (Pen et al., 2014).   

PD-L1 and Tregs 

 Both regulatory T-cells and high levels of PD-L1 expression are immune suppression 

mechanisms that maintain peripheral tolerance but can also have a negative impact during the 

course of infections. Historically, the presence of cytokines such as IL-10 and TGF-β were the 

most well established mechanisms of Treg induction. Recently however the PD-L1/PD-1 axis 

has been experimentally established as a potent inducer of Tregs and maintainer of Treg function 
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in murine and human models (Amarnath et al., 2011; Francisco et al., 2009). In the murine 

model PD-L1 coated beads were able to induce iTregs in vitro, enhance and sustain FoxP3 

expression, and prevent fatal inflammatory disease that was observed in a PD-L1 knockout 

model (Francisco et al., 2009).  PD-L1/PD-1 binding has also been shown to convert Th1 cells 

into the Treg phenotype in an in vivo model of human-into-mouse xenogeneic graft-versus-host 

disease (Amarnath et al., 2011). Interestingly, besides inducing and maintaining Tregs, PD-L1 

has also been shown to negatively regulate Treg function. By disrupting STAT-5 

phosphorylation, PD-L1 engagement with Tregs expressing high levels of PD-1 isolated from the 

livers of patients chronically infected with hepatitis C led to lowered Treg proliferation, and a 

decrease in the expression of immune suppression surface markers (Franceschini et al., 2009). 
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Abstract 

Porcine circovirus type 2 (PCV2) is the primary and essential causative agent of porcine 

circovirus associated disease (PCVAD), however, the development of clinical PCVAD typically 

requires co-infection with other bacterial or viral swine pathogens. In this study we hypothesized 

that viral co-infection with PCV2 in pigs would result in an increase in T-reg percentages in 

peripheral blood mononuclear cells (PBMC), increased IL-10 and TGF-β, decreased INF-γ levels 

in serum and tissue, and decrease the ability of PBMC’s to proliferate. Unvaccinated, 

PCV2a/2b+PRRSV+Porcine parvovirus type 1(PPV1) infected pigs had significantly (p<0.05) 

increased T-regs, decreased circulating TGF-β, and increased circulating IFN-γ. Analysis of 

cytokine mRNA expression revealed a significant increase (p<0.05) in the relative expression of 
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IL-10 levels in the lung. Unvaccinated, pigs infected with PPV1+PRRSV alone, had significantly 

(p<0.05) lower percentages of T-regs, significantly increased circulating IL-10 and IFN-γ, and 

significantly lower circulating TGF-β. Cytokines and T-reg percentages from pigs vaccinated 

with a modified live-attenuated PCV2 based vaccine were unchanged compared to the 

unvaccinated, uninfected, controls.  The results of this study showed an induction of T-regs in 

vivo when PCV2 was added to the viral challenge in the unvaccinated but not in the vaccinated 

pigs.  The observed increase in T-regs represents one possible mechanism in the pathogenesis of 

clinical PCVAD.  

Introduction 

Porcine circovirus associated disease (PCVAD) is currently one of the most economically 

important diseases facing the global pig industry. PCVAD encompasses several syndromes and 

diseases including, Porcine circovirus type-2(PCV2)-systemic disease, pneumonia, enteritis, and 

reproductive failure (Opriessnig and Langohr, 2012). Reported cases of PCVAD are on the rise, 

and are present in herds in every major swine producing country. It has been previously reported 

that PCVAD on average costs producers 3-4 dollars per pig, and up to 20 dollars per pig during 

outbreaks (Gillespie et al., 2009). 

PCV2 is the primary and essential causative agent of PCVAD.  PCV2 is a circular, non-

enveloped, DNA virus in the Circoviridae family, genus Circovirus(Todd, 2004). PCV2 can be 

further divided into at least three genotypes PCV2a, PCV2b and PCV2c. Prior to 2003, PCV2a 

was the predominant strain in swine herds and all current commercial vaccines are based on this 

genotype. However, PCV2b has now become the main genotype circulating throughout the 

world’s swine herds (Meng, 2012). PCV2c has been reported only from a few non-diseased 
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herds in Denmark (Segales et al., 2008). Although PCV2 is the essential agent in PCVAD, the 

development of clinical diseases typically requires co-infection with other bacterial or viral 

swine pathogens. Perhaps the most prevalent co-infecting agent is the porcine reproductive and 

respiratory syndrome virus (PRRSV) with prevalence as high as 83% in case studies of PCVAD 

(Opriessnig and Halbur, 2012). PRRSV is an enveloped,  single-stranded, RNA virus in the order 

Nidovirales, family Arteriviridae, genus Arterivirus (Chand et al., 2012). Another co-infecting 

agent commonly isolated in PCVAD field cases is the porcine parvovirus type 1 (PPV1), which 

is a linear, single-stranded, negative-sense, non-enveloped DNA virus of the family Parvoviridae 

(Opriessnig and Halbur, 2012). The specific mechanisms of co-infection that lead to clinical 

diseases are not fully understood, but immune modulation by the co-infecting pathogens is 

thought to play a critical role. In this study we test the hypothesis that the induction of regulatory 

T-cells (Tregs) contribute to host immune modulations leading to the development of clinical 

PCVAD, and that vaccination against PCV2 prevents these immunomodulatory effects.   

Two types of regulatory T-cells exist in swine, naturally occurring Tregs with a 

CD25+FoxP3+ phenotype, and inducible Tregs that exist in the periphery and have no common 

phenotype (Kaser et al., 2012). For the purposes of this study we will be evaluating percentages 

of Tregs with the CD25+FoxP3+ phenotype.  Tregs have a known ability to play a suppressive 

role in immunity that is achieved by several mechanisms, including the production of immuno-

suppressive cytokines IL-10 and TGFβ(Kaser et al., 2012). Previous experiments have shown 

that PRRSV and PCV2 induce Tregs in vitro (Cecere et al., 2012; Silva-Campa et al., 2009)and 

that PRRSV induces Tregs in vivo(LeRoith et al., 2011; Silva-Campa et al., 2012). The objective 

of this study was to determine if a combination of viruses associated with PCVAD, including 

PRRSV, PCV2a and 2b, and PPV1, contribute to Treg induction and production of 
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immunosuppressive cytokines. To accomplish this objective we analyzed Treg percentages in 

total peripheral blood mononuclear cell (PBMC) populations, circulating IL-10, TGFβ, and IFN-

γ levels in serum, tissue levels of IL-10, TGFβ, and IFN-γ mRNA, and PBMC proliferation from 

pigs vaccinated against PCV2 followed by a triple challenge with a combination of PRRSV, 

PPV1 and PCV2a/2b.      

Viruses 

  
PCV2a isolate ISU-40895 (Fenaux et al., 2000), and PCV2b isolate NC-16845 

(Opriessnig et al., 2008) were propagated in PCV-free PK-15 cells and used in this experiment at 

an infectious titer of 104.5 TCID50 per ml. PRRSV isolate ATCC VR2385 (Meng et al., 1994) 

was propagated in MARC-145 cells and used at an infectious titer of 105.0 TCID50 per ml. PPV1 

isolate NADL-8 was isolated in fetal porcine kidney cells from a naturally infected pig in 1977 

and was subsequently passaged in fetuses in the pregnant sow model (Opriessnig et al., 2012)and 

used at an approximate infectious titer of 104.9 TCID50 per ml. At challenge, each pig received 5 

ml of PCV2a, 5 ml of PCV2b, 2.5 ml PRRSV, and 1.0 ml PPV intranasally according to 

treatment group.   

Experimental design 

The experimental design for this study has been described elsewhere (Opriessnig et al., 

2012). Briefly, 39 specific-pathogen-free (SPF) pigs were separated into 5 treatment groups 

described by Opriessnig et al., 2012 and shown in table 1. Pigs in the two vaccinated groups 

received 1 ml of the corresponding PCV2 vaccine (Beach et al., 2010; Fenaux et al., 2004) 

intramuscularly in the right neck on day -28 post viral challenge (DPC). All pigs except the 

negative controls were challenged with a combination of PRRSV, PCV2a/2b and PPV1 on DPC 
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0.  Whole blood was collected in heparinized tubes on DPC -28, 0, 7, 14, and 21. Spleen, lung, 

and tracheobronchial lymph node tissue samples were collected at necropsy which occurred in 

all pigs on DPC 21.  

Isolation of PBMC’s and lymphocytes 

 Heparinized whole blood collected on DPC -28, 0, 7, 14, and 21 was diluted 1:2 with 

sterile PBS, overlaid on Ficoll-PaqueTM (GE Healthcare, Piscataway, NJ) and used to isolate 

PBMC’s as previously described (Silva-Campa et al., 2009) 

Flow cytometry analysis 

 Flow cytometry analysis was carried out on blood collected on DPC -28, 0, 14, and 21. 

Whole blood (3 ml) collected into heparinized Vacutainer tubes (Becton Dickson Inc., Franklin 

Lakes, NJ) was added to 12 ml ACK Lysis Buffer (8.3 g NH4Cl, 1.0 g KHCO3, 0.0327 g EDTA 

in 1L deionized water pH 7.2-7.4; Sigma-Aldrich, St. Louis, MO) and gently mixed by manual 

rotation for 3 min. Tubes were centrifuged at 300 x g at 4 °C for 5 min. Supernatant was 

discarded and 1 ml of PBS+1% bovine serum albumin (BSA) was added to the remaining pellet. 

The pellet was washed three times with 1 ml of PBS with 1% BSA and finally resuspended with 

1 ml of PBS+1%BSA. Cells were sequentially stained with mouse anti-porcine CD4 (VMRD, 

Pullman, WA), goat anti-mouse IgG2b:Alexa-fluor647 (Invitrogen, Carlsbad, CA), mouse anti-

porcine CD25  (AbD Serotec, Raleigh, NC), goat anti-mouse IgG:FITC (AbD Serotec, Raleigh, 

NC), and SPRD conjugated anti-CD8α (Fisher Scientific, clone 76-2-11). For intracellular 

staining, cells were permeabilized with a FoxP3 permeabilization/fixation buffer kit followed by 

staining with anti-mouse/rat FoxP3:PE that reacts with porcine FoxP3 (eBioscience Inc., San 

Diego, CA). An unstained sample was used for autofluorescence control and single color 
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controls were used for all antibodies. Flow cytometry analysis was conducted using a 

FACSCalibur cytometer (Becton-Dickinson Biosciences, San Jose, CA) and analyzed using 

FlowJo 7.6.3 software. PBMCs were gated based on forward and side scatter. Flow cytometry 

analysis of Treg percentages was determined from all pigs in triplicate samples. 

Serum cytokine analysis 

Serum samples from blood samples collected on DPC -28, 0, 7, 14, and 21 were 

harvested following centrifugation at 1200 x g, at 23 °C for 10 min and then frozen at -80 °C 

until use. The serum levels of IL-10, TGF-β, and IFN-γ were quantified using commercial 

ELISA kits according to the manufacturer’s recommendations (Invitrogen, Carlsbad, CA). 

Serum levels of cytokines were determined from all pigs in triplicate samples. 

Analysis of cytokine mRNA expressions 

 Spleen, lymph node, and lung tissues were used for relative quantifications of IL-10, 

TGF-β, and IFN-γ mRNA by reverse transcription and real-time PCRs. Spleen, lung, and 

tracheobronchial lymph node tissue samples collected at necropsy at DPC 21 were immediately 

submerged in 10 volumes of RNAlater (Qiagen), stored at 7 °C for 48 hours, and then frozen at -

80 °C until use. Tissue samples were thawed and 100 mg of each tissue from each pig was 

homogenized in TriReagent (Molecular Research Center, Inc.) according to the manufacturer’s 

instructions. RNA samples were treated with Ambion® DNA-free™ DNase Treatment & 

Removal Reagents (Invitrogen) according to the manufacturer’s instructions and 1µg of resulting 

RNA was used to synthesize cDNA (Tetro cDNA synthesis kit, Bioline). From each reverse 

transcription reaction, 2.5 µl of the products were used to assess relative quantities of each 

specific mRNA of interest in separate PCR reactions in triplicate wells. The SYBR Green PCR 
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master mix Sensimix (Bioline) was used for all reactions according to the manufacturer’s 

guidelines. All reactions were carried out using an iQ5Cycler PCR machine (BioRad). 

Quantification was carried out using the delta-delta CT method using GAPDH mRNA as the 

housekeeping gene for TGF-β and β-actin as the housekeeping gene for IL-10 and IFN-γ. The 

two different housekeeping genes were needed for compatible melting temperatures for the 

respective primers. The following programs were used for the GAPDH/ TGF-β samples (95 °C 

10min; 40 cycles of 95 °C 15 s, 62.5 °C 30s, 72 °C 15 s) and β-actin/IL-10/ IFN-γ samples (95 

°C 3min; 40 cycles of 95 °C 15 s, 65.5 °C 15s, 72 °C 15 s). Melt curve analysis was performed 

immediately following each run. The same calibrator sample, composed of pooled mRNA 

samples from all pigs in all treatment groups, was used to compare relative values within and 

between reactions (96-well plates).  The sequences of primers used for the detection of cytokines 

as well as for detection of GAPDH and β-actin and their GenBank accession numbers of target 

gene sequences are listed in Table 2. Gene expression was determined from all pigs in triplicate 

samples. 

Cell proliferation 

 Differences in cell suppression activity among treatment groups were tested indirectly by 

evaluating proliferation of PBMCs from whole blood collected on DPC -28, 0,7,14, and 21 as 

previously described (Mosmann, 1983). Briefly, 2 × 105 cells/well were placed into a 96-well 

round-bottom plate (Fisher Scientific Company) and proliferation was measured in triplicate 

after stimulation with 10 μg/ml of PHA. Background proliferation was determined with PBMC 

cultured in complete medium. After incubating for 90 h at 37 °C in 5% CO2, 20 μl of the cell 

proliferation reagent (CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay, 

Promega, Madison, WI) was added to each well, the plates were incubated (37 °C in 5% CO2) 
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for an additional 4 hours, and then read at 490 nm with a microtiter well plate reader (Tecan 

Microplate Reader, Tecan Group Ltd. Mannedorf, Switzerland). Cell proliferation was 

determined from all pigs using triplicate samples. 

Statistical analysis 

 Data were analyzed using the non-parametric Wilcoxon tests.  Data analysis was 

performed using JMP 9.0.0 (SAS Institute Inc. Cary, NC). Differences were considered to be 

statistically significant where p<0.05. 

Results 

Analysis of percentages of Tregs in total PBMC populations. 

 Tri-color flow cytometry was used to analyze lymphocyte populations for three distinct 

subsets of Tregs: CD4+CD25HighFoxP3+, CD8+CD25HighFoxP3+, and CD4+CD8+CD25HighFoxP3+ 

phenotypes (Fig. 1). 104 events were analyzed per triplicate sample. Flow cytometry analysis was 

performed on DPC -28, 0, 14, and 21. There was a statistically significant increase in the 

percentage of Tregs in the unvac-PCV2-PRRSV-PPV1 treatment group compared to the control 

group on DPC 14 in the CD4+ Treg subset, as well as in the CD4+CD8+ Treg subset. There was 

a statistically significant decrease in the percentages of Tregs in the unvac-PRRSV-PPV1 

treatment group versus the control group on DPC 14 in the CD4+ and CD8+ Treg subsets (Fig. 

2). The Treg percntages are the porportion of cells expressing CD25High and FoxP3+ after gating 

for CD4 and/or CD8. 

Serum levels of cytokines.  
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 Serum cytokine analysis was performed utilizing commercial ELISA kits to detect levels 

of circulating IFN-γ, TGF-β, and IL-10 on DPC 0, 7, 14, and 21. Statistical analysis revealed 

lower TGF-β levels in the unvac-PCV2-PRRSV-PPV1 treatment group versus the control group 

on DPC 7, 14, and 21. Significantly lower levels of TGF-β were also observed in in the unvac-

PRRSV-PPV1 treatment group compared to the controls on DPC 7 and 21 (Fig 3A). IL-10 levels 

were significantly increased in the unvac-PRRSV-PPV1 treatment group on DPC 14 (Fig. 3B). 

IFN-γ levels were significantly increased in the unvac-PRRSV-PPV1 treatment group versus the 

controls on DPC 7, and in the unvac-PCV2-PRRSV-PPV1 treatment group on DPC 14, and 21 

(Fig. 3C).                                                                          

Analysis of tissue cytokine mRNA expression. 

 Spleen, lymph node, and lung tissues collected at necropsy on DPC 21 were analyzed for 

relative mRNA expression levels of TGF-β, IFN-γ, and IL-10 using RT-PCR techniques. 

Statistical analysis revealed a statistically significant increase in IL-10 in the lung tissue in the 

unvac-PCV2-PRRSV-PPV1 treatment group versus the control (Fig. 4).  

Cell proliferation 

 No statistically significant difference in cell proliferation in response to PHA was found 

between treatment groups.  

Discussion 

  Pigs in the unvac-PCV2-PRRSV-PPV1 treatment group developed clinical 

manifestations of PCVAD, including; significantly higher lesion scores, and increased PCV2 

viremia compared to the controls (Opriessnig et al., 2012). Serology results, detection and 
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quantification of viral nucleic acid in infected pigs, and lesion scores are reported elsewhere 

(Opriessnig et al., 2012). Among the vaccinated treatment groups no statistically significant 

changes in cytokine expression or Treg percentages was found in any of the experimental tests 

performed compared to the controls. These findings suggest that both the PCV2a genotype 

vaccine and the PCV2b genotype vaccine induce similar host immune responses. This 

corresponds with the findings in the concurrent vaccine study that both the PCV2a and PCV2b 

genotype vaccines provide protection against the development of clinical PCVAD  (Opriessnig et 

al., 2012). 

   In the unvac-PCV2-PRRSV-PPV1 treatment group, an increase in the percentage of 

Tregs was observed in two of the three Treg subsets at DPC 14, along with an increase in relative 

expression of IL-10 mRNA in the lung tissue collected at necropsy. The increase in this 

treatment group indicates that the addition of PCV2 to the viral challenge does induce Treg 

differentiation.  However, no corresponding in vitro cell suppression, or increase in circulating 

IL-10 or TGF-β levels were seen in this treatment group. The upregulation of IFN-γ observed on 

DPC 14, and 21 indicates a more typical cell mediated response to viral challenge as the 

infection proceeds in this treatment group. Previous studies have found that co-infections with 

PCV2 and PRRSV increase IL-10 expression while suppressing IFN-γ production (Shi et al., 

2010). In the current experimental model upregulation of IL-10 was observed only locally, as IL-

10 mRNA in the lung tissue, with no increase of circulating serum IL-10 levels. Our 

experimental model also found no decrease in IFN-γ production, but rather a significant increase 

in serum IFN-γ levels. There are several possible reasons for these conflicting results. First, the 

addition of PPV1 to the viral challenge may confound the observed immune modulation. 

Previous reports of immune modulation in humans by parvovirus demonstrated the activation of 
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STAT3, and possible inhibition of STAT1 (Duechting et al., 2008). The same type of immune 

modulation could be occurring with PPV1 infections leading to an altered cytokine response. 

Second, strain dependent immune modulation by PPRSV has also been demonstrated in the 

literature, specifically the ability of different PRRSV strains to induce Tregs (Silva-Campa et al., 

2010). 

Production of IL-10 and TGF-β is an important mechanism of Treg mediated immune 

suppression that can potentiate viral persistence in the host. However, we were unable to 

demonstrate increased IL-10 and TGF-β production in this study, although we were able to show 

an increase in Treg percentages. Our findings suggest that other mechanisms of Treg mediated 

immune suppression may also be involved, such as, the downregulation of co-stimulatory 

molecules on APC’s (LeRoith et al., 2012), suppression of effector cells by IL-2 consumption, 

suppression via expression of effector T cell specific transcription factors, rapid suppression of 

TCR-induced calcium production, and suppression via cAMP, ICER, and NFAT (Schmidt et al., 

2012). The specific mechanisms by which Tregs exert their immune modulatory effect are 

unknown, and further studies are needed. 

In the unvac-PRRSV-PPV1 treatment group, an increase of serum IL-10 was observed on 

DPC 14, but no corresponding induction of Tregs, TGF-β, or in vitro cell suppression was 

detected. The increase in IL-10 levels observed in the study support previous reports that PRRSV 

infection induces this potent immunosuppressive cytokine (Charerntantanakul et al., 2006; Feng 

et al., 2003; Suradhat and Thanawongnuwech, 2003). Previous studies have reported that 

PRRSV induces Tregs both in vitro and in vivo (LeRoith et al., 2011; Silva-Campa et al., 2009; 

Wongyanin et al., 2010). However, in our study we found a decrease in the percentages of Tregs 

in this treatment group.  Because our study found an increase in IL-10 with no corresponding rise 
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in Treg percentage, this would appear to support the results from a previous study reporting that 

Treg induction by PRRSV is dependent on TGF-β rather than IL-10 (Silva-Campa et al., 2009). 

Again, the presence of PPV1 in the viral challenge may alter the typical immune response to 

PRRSV.  

The transient nature of viral induced immune suppression makes the timing of data 

collection critical for detecting changes in the immune response to certain pathogens.  Although 

the expected increase in regulatory T cell percentages was observed in the unvac-PCV2-PRRSV-

PPV1 treatment group, the lack of expected cytokine production suggests that we may have 

missed the expected corresponding increase in IL-10 and TGF-β production and cell suppression 

because of our sampling times. The early onset of Treg induction previously observed is 

hypothesized to result in a temporary period of immune suppression and delayed viral clearance. 

The immuno suppressive period is proposed to last until roughly day 14 post viral challenge 

when a decline in Treg percentages gives rise to the pro-inflammatory environment needed for 

PCV2 replication in proliferating lymphocytes (Nauwynck et al., 2012) The results from this 

study revealed a peak in the relative Treg percentages in the unvac-PCV2-PRRSV-PPV1 

treatment group DPC 14, followed by a subsequent decrease in Treg percentages to basal levels 

by DPC 21. The observed decline in Treg percentages and simultaneous increase in IFN-γ appear 

to support the above proposed model as a mechanism contributing to the development of clinical 

PCVAD.  A more comprehensive monitoring of the cellular and cytokine changes could be 

achieved by increasing the frequency of data collection. In future work this could facilitate a 

clearer picture of the immune response in pigs to a multiple viral challenge. The results from this 

study support the hypothesis that PCV2 addition to a multiple viral challenge induces Tregs in 

vivo, and that vaccination against PCV2 abrogates this immunomodulatory effect of the virus. 
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The observed ability of PCV2 to induce Tregs could be one mechanism of immune suppression 

that potentiates clinical PCVAD. 
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Tables 

Table 3.1. Experimental design for vaccination and challenge 
Group No. of 

pigs 
Vaccination at -28 day post-
challenge 
(103.5 TCID50/pig) 

Virus challenge at 0 days post-
challenge 

vac2a-PCV2-
PRRSV-PPV1 

 8            PCV1-2a PVC2a, PCV2b, 
PRRSV, PPV 

 
vac2b-PCV2-
PRRSV-PPV1 

 
 8 

    
    PCV1-2b 

 
PVC2a,PCV2b, 
PRRSV, PPV 

 
Controls 

 
 7 

       
      NONE 

 
NONE 
 

 
Unvac-PCV2-
PRRSV-PPV1 

 
 8 

       
      NONE 

PCV2a, PCV2b, 
PRRSV, PPV 
 

 
unvac-PRRSV-PPV1 

 
 8 

       
      NONE 

 
PRRSV, PPV 

 

 

 

Table 3.2. Primer sequences used for the detection of cytokine mRNAs 
Gene Accession 

number 
Forward primer (5’–3’) 
 

Reverse primer (5’–3’) 

TGF-β AF461808 CTACTACGCCAAGGAGGTCAC GCCCGAGAGAGCAATACAGG 
IL-10 NM214123 CCGACTCAACGAAGAAGGCAC

AG 
CAGGCTGGTTGGGAAGTGGATG 

IFN-γ DQ839398 TTCAGAGCCAAATTGTCTCCTTC AAGTCATTCAGTTTCCCAGAGC 
GAPDH DQ845173 CATCATCCCTGCTTCTACC TGCTTCACCACCTTCTTG 
β-actin DQ845171 CTGCGGCATCCACGAAAC TGTTGGCGTAGAGGTCCTTGC 
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Fig. 3.1 Representative flow cytometry profile of Regulatory T-Cells. (A) unvac-PCV2-PRRSV-

PPV1 treatment group CD4+ gated lymphocytes expressing CD25+ and FoxP3+; (B) Control 

group CD4+ gated lymphocytes expressing CD25+ and FoxP3+; (C) unvac-PRRSV-PPV1 

treatment group CD8+ gated lymphocytes expressing CD25+ and FoxP3+; (D) Control group 

CD8+ gated lymphocytes expressing CD25+ and FoxP3+; (E) unvac-PCV2-PRRSV-PPV1 

treatment group CD4+CD8+ gated lymphocytes expressing CD25+ and FoxP3+; (F) Control 

group CD4+CD8+ gated lymphocytes expressing CD25+ and FoxP3+. 
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Fig. 3.2 Mean % of regulatory T-cells among different treatment groups over time. (A) 

CD4+CD8-CD25+FoxP3+ T-cells. *Indicates significantly higher % (p<0.05) in the unvac-PCV2-

PRRSV-PPV1 treatment group versus the control. # Indicates significantly lower % (p<0.05) in 

the unvac-PRRSV-PPV1 treatment group versus the control. (B) CD4-CD8+CD25+FoxP3+ T-

cells. # Indicates significantly lower % (p<0.05) in the unvac-PRRSV-PPV1 treatment group 

versus the control. (C) CD4+CD8+CD25+FoxP3+ T-cells.  * Indicates significantly higher % 

(p<0.05) in the unvac-PCV2-PRRSV-PPV1 treatment group versus the control.  Each data point 

represents the mean of the samples. Error bars indicate standard error.  
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Fig. 3.3 Circulating serum cytokine levels (pg/ml) over time. (A) TGF-β serum levels. # 

Indicates significantly lower levels (p<0.05) in the unvac-PCV2-PRRSV-PPV1 treatment group 

versus the control on DPC 7, 14, and 21 and lower levels in the unvac-PRRSV-PPV1 treatment 

group versus the control on DPC 7, and 21. (B) IL-10 serum levels. *Indicates significantly 

higher levels (p<0.05) in the unvac-PRRSV-PPV1 treatment group versus the control on DPC 

14. (C) IFN-γ serum levels. * Indicates significantly higher levels (p<0.05) in the unvac-PRRSV-

PPV1 treatment group versus the control on DPC 7 and in the unvac-PCV2-PRRSV-PPV1 

treatment group versus the control on DPV DPC 14 and 21. Each data point represents the mean 

of the samples. Error bars indicate standard error.  
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Fig. 3.4 Levels of IL-10 mRNA expression in the lung tissue. * Indicates significantly higher 

relative expression (p<0.05) in the unvac-PCV2-PRRSV-PPV1 treatment group versus the 

control. Each bar represents the mean of the samples. Error bars indicate standard error.  
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Chapter 4: PD-L1 expression is increased in monocyte derived dendritic cells in response to 
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infections 
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Abstract 

Host immune system suppression is thought to be crucial in the development of porcine 

circovirus associated diseases (PCVAD). Many immune suppressive mechanisms have been 

studied in cases of PCVAD, however, the role of programmed death ligand-1 (PD-L1) during 

porcine circovirus type 2 (PCV2) infection and PCVAD development has yet to be determined. 

PD-L1 has become an important research target because of its ability to interfere with effective 

T-cell activity and proliferation during the course of an immune response. In this study, porcine 

monocyte derived dendritic cells (MoDC) were infected with different combinations of PCV2 

and porcine reproductive and respiratory syndrome virus (PRRSV) and evaluated for expression 

levels of PD-L1, as well as the expression levels of swine leukocyte antigen 1 and 2 (SLA-1 and 

SLA-2) as a measure of MoDC stimulatory capacity. PD-L1 expression levels were also tested in 
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MoDCs after treatment with interferon alpha (IFN-α) and beta (IFN-β). The results showed that 

the expression levels of PD-L1 were increased in PCV2-infected MoDCs, as well as in PCV2 

and PRRSV co-infected MoDCs.  The MoDCs infected with PRRSV only also showed a strain-

dependent increase in PD-L1 expression. Both IFN-α and IFN-β treatment also increased the 

expression levels of PD-L1 in MoDCs. SLA-1 and 2 expression levels were increased by PCV2 

infection, and altered in the PRRSV, and PCV2/PRRSV co-infected MoDCs in a strain-

dependent manner. These results indicate a potential immuno-suppressive role for dendritic cells 

during PCV2 infection and the development of PCVAD and will be helpful in more fully 

elucidating the underlying mechanisms leading to clinical PCVAD. 

Introduction 

Porcine circovirus associated disease (PCVAD) continues to be a major economic 

problem for swine producing nations throughout the world (Meng, 2012). The essential and 

causative agent of PCVAD is porcine circovirus type2 (PCV2). Although PCV2 is necessary for 

the development of PCVAD, co-infection by another pathogen is typically required for full 

manifestation of the disease (Opriessnig and Halbur, 2012). Despite advances in the prevention 

of PCVAD through effective vaccination (Beach and Meng, 2012), the mechanisms of co-

infection that lead to the development of PCVAD are not fully understood, though immune 

modulation by PCV2 or a co-pathogen are suspected to play a role (Opriessnig and Halbur, 

2012). One of the most prevalent co-infecting pathogens is porcine reproductive and respiratory 

syndrome virus (PRRSV) (Wellenberg et al., 2004). Both PCV2 and PRRSV have previously 

been shown to be modulators of the porcine immune system (Darwich et al., 2010; Darwich and 

Mateu, 2012). However, the potential role of the immune regulatory molecule programmed death 

ligand-1 (PD-L1) during infection by either virus has yet to be determined.  
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PD-L1, also known as cluster of differentiation 274, and B7-H1, is a type 1 

transmembrane protein with immune suppressing activity (Freeman et al., 2000; Jeon et al., 

2007). PD-L1 and its ligand, programmed death-1 (PD-1), have emerged as important research 

and therapeutic targets because of their role in modulating disease through immune suppression. 

Increased PD-L1 expression on antigen presenting cells (APCs) has been shown to aid in virus 

survival and decrease T-cell activity (Meier et al., 2008). The effect of PCV2 infection on PD-L1 

expression is currently unknown, but increases could be one underlying mechanism of immune 

suppression leading to clinical PCVAD.  

In this study we examined the potential role of PD-L1 in PCV2 and/or PRRSV infections 

by evaluating PD-L1 expression levels in porcine monocyte derived dendritic cells (MoDCs) 

infected with different combinations of viruses. We also examined the effect of interferon alpha 

(IFN-α) and beta (IFN-β) treatments on porcine MoDC PD-L1 expression levels. Here we found 

that infection of MoDC by PCV2 and/or PRRSV increased PD-L1 expression and altered the 

expression of swine leukocyte antigen 1 and 2 (SLA-1 and SLA-2) in a strain-dependent manner.  

We also found that IFN-α and IFN-β treatment increased MoDC PD-L1 expression.  These 

findings suggest that increased APC PD-L1 expression may be a previously unknown 

mechanism of immune suppression in PCV2 infections and thus the development of PCVAD. 

 Materials and Methods 

Viruses 

The PCV2b isolate used for this experiment was a virulent strain NC-16845 (Fenaux et 

al., 2000). Two PRRSV wild-type strains and one PRRSV vaccine strain were utilized in this 

experiment. The wild type PRRSV strains were VR-2385 (Meng et al., 1994), and NADC-20 
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(kindly provided by Dr. Kelly Lager of National Animal Disease Center, Ames, Iowa). The 

vaccine strain was a modified live vaccine (MLV) from Ingelvac (Boehringer Ingelheim, St. 

Joseph Mo.). All viruses were used at a multiplicity of infection (MOI) of 1 according to the 

treatment groups listed in Table 1.  

Cytokines 

To evaluate the role of Type-1 IFNs on porcine PD-L1 induction, MoDCs were treated 

with porcine IFN-α (PBL Assay Science, Piscataway, NJ), porcine IFN-β (Abcam, Cambridge, 

MA.) or a combination of porcine IFN-α and IFN-β. Cytokine treatment groups are listed in 

Table 2.  

 Cell isolation and cell culture 

Heparinized whole blood was collected from specific-pathogen-free (SPF) pigs that were 

confirmed to be free of PCV2 and PRRSV by PCR and ELISA. Twelve animals were used in 

this study in accordance with the Virginia Tech Institutional Animal Care and Use Committee 

guidelines. Whole blood was diluted 1:2 with sterile PBS, overlaid on Ficoll-PaqueTM (GE 

Healthcare, Piscataway, NJ) and used to isolate peripheral blood mononuclear cells (PBMC) as 

previously described (Silva-Campa et al., 2009). Porcine MoDCs were generated from the 

PBMC population using the method previously described (Cecere et al., 2012). Briefly, PBMCs 

were plated in T25 tissue culture flasks and incubated overnight in complete medium at 37 °C 

with 5% CO2 to allow monocyte adherence. Non-adherent cells were removed and the flask 

washed twice with complete media. The remaining monocytes were cultured at 37 °C with 5% 

CO2 in complete medium supplemented with 20 ng/ml recombinant porcine IL-4 and 20 ng/ml 
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recombinant porcine GM-CSF. After six days, MoDCs were washed in complete media and 

exposed to their corresponding cytokine or viral treatments for 24 hours.   

Flow cytometry analysis 

Flow cytometry analysis of PD-L1 surface expression was performed using FACSAria 

cytometer (Becton-Dickinson Biosciences, San Jose, CA). PD-L1 expression was evaluated 

using a polyclonal, CY-5 conjugated, rabbit anti-porcine PD-L1 antibody (Bioss, Woburn, MA.). 

SLA-1 expression was evaluated using a monoclonal, FITC conjugated, mouse anti-porcine 

SLA-1 antibody (AbD Serotec, Raleigh, NC.) SLA-2 expression was evaluated using a FITC 

conjugated, mouse anti-human MHC II monoclonal antibody with porcine cross reactivity 

(Thermo Scientific, Waltham, Ma.). MoDCs were harvested using Cellstripper™ (Cellgro, 

Manassas, VA) and centrifuged at 300xg for 10 minutes at 7°C. The resulting pellet was 

resuspended in BD pharmingen stain buffer (BSA) (BD biosciences, San Diego, CA.) for 

antibody staining. All staining was carried out for 30 minutes in the dark. Median fluorescent 

intensity (MFI) of each treatment group was used to determine surface expression levels. All 

samples were tested in triplicate. 

Analysis of mRNA expression 

Total mRNA were isolated from MoDCs using TriReagent (Molecular Research Center, 

Inc.) according to the manufacturer’s instructions for adherent cells. RNA samples were treated 

with Ambion® DNA-free™ DNase Treatment & Removal Reagents (Invitrogen) according to 

the manufacturer’s instructions. Resulting RNA was then reverse transcribed to cDNA using a 

Tetro cDNA synthesis kit according to the manufacturer’s instructions (Bioline USA Inc., 

Taunton, Ma). Relative mRNA expression levels were evaluated using porcine PD-L1, SLA-1, 
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and SLA-DQA TaqMan® assays (Applied Biosystems®, Life Technologies, Grand Island, NY) 

according to the manufacturer’s instructions. 16s rRNA (Life Technologies) was used as an 

endogenous control. All reactions were carried out using a 7500 Fast Real Time PCR System 

(Applied Biosystems). The following program was used for all RT-PCR assays; an initial hold 

for 2 minutes at 50°C, a 95°C hold for 20 seconds, followed by  40 cycles of 95°C for 1 second, 

60°C for 20 seconds. All samples were tested in triplicate. 

Statistical analysis 

Data analysis was performed using JMP 11.0 (SAS Institute Inc. Cary, NC) using 

Students t-test. Differences between treatment groups were considered to be statistically 

significant where p<0.05. 

Results 

Porcine MoDC PD-L1 expression profiles during viral infection in vitro 

To test the effects of viral infection on PD-L1 expression, 105 MoDCs were infected with 

the different viral treatment groups listed in Table 1 for 24 hours. The resulting cells were then 

tested for PD-L1 gene expression and corresponding PD-L1 surface expression. All viral 

treatment groups had significantly increased PD-L1 gene expression among infected MoDCs 

with the exception of the PRRSV NADC-20 virulent strain and the PRRSV MLV vaccine strain 

(Fig. 1B).  Surface expression of PD-L1 was also significantly increased in the same treatment 

groups, confirming the gene expression data (Fig. 1C).  The presence of PCV2 in co-infected 

treatment groups appears to enhance the increases observed in the PRRSV-infected groups with 

the largest PD-L1 expression increase occurring in the PCV2/VR-2385 co-infected treatment 

group.  
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Porcine MoDC SLA expression during viral infection 

To determine the effect of viral infection on SLA expression, 105 MoDCs were infected 

with the different virus groups listed in Table 1 for 24 hours. The resulting cells were 

subsequently tested for gene expression levels of SLA-1 and SLA-2. Previous studies found that 

PRRSV strain CNV-3 downregulated SLA-1 and SLA-2 expression among infected MoDCs 

(Park et al., 2008). Supporting this previous study, we found that porcine MoDCs infected with 

PRRSV only had significantly decreased gene and surface expression levels of SLA-1 (Fig. 2A 

and 2B). MoDCs infected with PCV2 only had a significant increase in SLA-1 expression. The 

addition of PCV2 in the co-infected treatment groups did not affect the PRRSV-mediated 

decreased expression of SLA-1 except for the PCV2/PRRSV-MLV co-infected MoDCs. 

PCV2/PRRSV-MLV co-infected MoDCs had a significant increase in SLA-1 gene and surface 

expression levels (Fig. 2A and 2B). SLA-2 gene expression is decreased in both individual and 

co-infected viral treatment groups containing wild-type PRRSV strains, however, statistically 

significant decreases were only observed in the surface expression levels of SLA-2 (Fig. 3A and 

3B). The PCV2-only treatment group had a significant increase in SLA-2 gene and surface 

expression, as well as the PCV2/PRRSV MLV co-infected treatment group (Fig. 3A and 3B). 

Porcine MoDC PD-L1 expression following type 1 interferon treatment 

Since type 1 IFN expression can be altered by PRRSV and PCV2, we wanted to 

determine if type 1 IFNs affect PD-L1 expression levels in swine. 105 MoDCs were treated for 

24 hours according to the treatment groups listed in Table 2. The MoDCs were then tested for 

both gene and surface expression levels of PD-L1. The results show that both gene and surface 

expression levels of PD-L1 are significantly increased among MoDCs treated with IFN-α and 
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IFN-β, with the largest increase observed in the IFN-α/IFN-β co-treatment group (Figs. 4A and 

4B).  

Discussion 

Increased expression levels of PD-L1  in dendritic cells have previously been shown to 

negatively impact viral load and T-cell function, thereby decreasing the overall immune response 

to viral infections (Meier et al., 2008; Pen et al., 2014). In the case of PCV2 infection and 

PCVAD, immune suppression has long been suspected of playing an important role in the 

development of clinical disease. This study demonstrates for the first time that increased PD-L1 

expression among APCs may be an underlying mechanism of immune suppression in the 

development of PCVAD during PCV2 infection.  

In the PCV2 infection treatment group we observed a significant increase in MoDC PD-

L1 expression in addition to a significant increase in MoDC expression levels of SLA-1 and 2. 

Under these infection conditions, dampened T-cell responses would not be expected since 

previous studies have found that, during the course of singular PCV2 infection, both CD4+ and 

CD8+ T-cells can contribute to IFN-γ production and aide in viral clearance (Fort et al., 2009a). 

The increase in MoDC stimulatory markers SLA-1 and 2 would be expected to result in better T-

cell survival and proliferation despite the increase in PD-L1.   

In the PRRSV infection groups, there were strain-dependent increases in MoDC PD-L1 

expression and alteration of SLA expression levels. In the case of the wild-type PRRSV strain 

VR-2385, we observed a significant increase in MoDC PD-L1 expression accompanied by a 

significant decrease in both SLA-1 and SLA-2 expression levels. Conversely, wild type PRRSV 

strain NADC-20 did not induce an increase in PD-L1 expression, however, decreased SLA-1 and 
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SLA-2 expression levels were observed.  Multiple studies have shown that the cell-mediated 

immunity (CMI) response to PRRSV is slow and erratic, and occurs with differing effectiveness 

in a strain-dependent manner (Charerntantanakul et al., 2006; Lopez Fuertes et al., 1999; Meier 

et al., 2003). Our results suggest that differences in PD-L1 induction may contribute to the 

unusual CMI responses to PRRSV strains. A previous study found significant decreases in IFN-γ 

production among T-cell populations incubated with VR-2385 infected MoDCs compared to T-

cells incubated with uninfected control MoDCs (Charerntantanakul et al., 2006). The increase in 

PD-L1 expression along with the decrease in SLA expression observed in this study is a possible 

explanation for the ineffective T-cell response observed in the previous study. Among PRRSV 

NADC-20 infected MoDCs, the decrease in SLA expression could lead to an erratic T-cell 

response even though no induction of MoDC PD-L1 expression was observed.  The PRRSV 

MLV strain had no effect on MoDC PD-L1 or SLA-2 expression levels, but did significantly 

lower the expression of SLA-1. Despite the observed significant decrease in SLA-1 expression 

levels in PRRSV MLV- infected MoDCs in the present study, previous reports have found that, 

under field conditions, PRRSV-specific IFN-γ secreting T-cells do develop after vaccination and 

their presence correlates with viral clearance or protection (Diaz et al., 2006; Martelli et al., 

2009). The observed lack of PD-L1 induction in PRRSV MLV-infected MoDCs is one possible 

contributing factor in the development of an effective T-cell response following vaccination. 

In the co-infection model of PCVAD, perhaps no other pathogen plays a larger role in the 

development of clinical PCVAD than PRRSV. In a 2004 study, PRRSV was identified in 83% of 

the PCVAD cases examined (Wellenberg et al., 2004). Although co-infection is required, the 

exact mechanisms leading to clinical PCVAD have not been established. The results of this study 

indicate that increased PD-L1 expression in dendritic cells may play an important role. The co-
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infection groups evaluated in this study, with the exception of the PCV2/MLV co-infection 

group, all had significant increases in PD-L1 expression while also decreasing SLA expression in 

infected MoDCs. This increase in PD-L1 expression along with lowered expression of SLA 

stimulatory molecules could lead to T-cell dysfunction in the cases of PCVAD in which both 

PCV2 and PRRSV infections are observed.  PD-L1 engagement with PD-1 on effector T-cells is 

an established immune suppression mechanism which blocks T-cell receptor signaling by 

inhibiting phosphatidylinositol 3-kinase activation and recruiting SHP-1 and SHP-2 leading to T-

cell dysfunction and exhaustion (Chemnitz et al., 2004; Francisco et al., 2010; Jeon et al., 2007). 

An ineffective T-cell response due to increased PD-L1/PD-1 signaling along with decreased 

expression of stimulatory surface molecules such as SLA would potentially increase the severity 

of disease observed in animals with PCVAD.   

Depletion of lymphocytes and histiocytic replacement are hallmarks of PCVAD. To date 

many theories have been proposed to explain the lymphocyte depletion observed in cases of 

PCVAD, including, cytokine or increased Fas ligand (FasL) activation induced apoptosis, viral 

induced lysis of lymphocytes or their precursors, and destruction of the lymphoid architecture 

(Darwich and Mateu, 2012; Darwich et al., 2003b; Ladekjaer-Mikkelsen et al., 2002). However, 

none of the above proposed mechanisms, or combinations of mechanisms, for lymphocyte 

depletion in PCVAD have been definitively confirmed as the responsible mechanism(s). 

Increased PD-L1/PD-1 binding has previously been shown to induce T-cell apoptosis during 

adenovirus and hepatitis B virus infections (Muhlbauer et al., 2006). Based on the results of our 

study, we propose that increased PD-L1 expression among APCs may contribute to the 

mechanism(s) of lymphocytic loss, particularly T-cells, in cases of PCVAD.   
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The increase of PD-L1 expression induced by IFNs-α and β is in agreement with previous 

research done in other animal models (Muhlbauer et al., 2006; Teijaro et al., 2013). Although 

previous studies have shown an inhibition of type 1 IFN production among swine plasmacytoid 

dendritic cell populations infected with PCV2 (Vincent et al., 2007), other research has found 

that there is still an increase in plasma levels of IFN-α during the course of PCV2 infections 

(Fort et al., 2009a). In the case of PRRSV infections, research has shown an inhibition of type-1 

IFN production in different cell types (Calzada-Nova et al., 2011; Miller et al., 2004). However, 

other research into cytokine responses during PRRSV infections has shown that there is either no 

inhibition or weak inhibition of pDC type-1 IFN production and it occurs in a strain-dependent 

manner (Baumann et al., 2013). Further research is needed to clarify the role of type-1 IFN 

induction of PD-L1 during PCV2 infections and the development of PCVAD, but based on the 

findings of this study it could be a potential mechanism contributing to clinical disease. 

Many immune suppression mechanisms have been proposed to potentially play a role 

during co-infection with PCV2 leading to PCVAD. Altered cytokine responses (Opriessnig and 

Halbur, 2012), APC dysfunction (Liu et al., 2011), the induction of regulatory T-cells (Cecere et 

al., 2012), and FasL induced apoptosis (Chang et al., 2007), have all been implicated in the 

development of PCVAD. This study provides evidence for a novel immune suppression 

mechanism in the form of increased PD-L1 expression among APCs. Continued research will 

hopefully shed light on the exact impact of increased APC PD-L1 expression in areas such as T-

cell dysfunction, T-cell apoptosis, and the induction of regulatory T-cells. This information could 

ultimately help researchers to better understand the development of PCVAD during PCV2 

infections and help design more targeted therapies.    
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Tables  

Table 4.1 Treatment groups for the evaluation of PD-L1, SLA-1, and SLA-2 expression levels in 

porcine MoDCs during viral infection. 

Group Number PCV2b (MOI 1) PRRSV (MOI 1) 
1 (Control) Negative Negative 
2 NC-16845 Negative 
3 NC-16845  VR-2385  
4 NC-16845  NADC-20  
5 NC-16845  MLV 
6 Negative VR-2385  
7 Negative NADC-20  
8 Negative MLV  
 
Table 4.2 Treatment groups for the analysis of type1 interferon exposure on porcine MoDC PD-

L1 expression. 

Groups Number INF-α IFN-β 
1 (Control) Negative Negative 
2 1000 IU Negative 
3 Negative 1000 IU 
4 500 IU 500 IU 
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Figure 4.1 A) Representative flow cytometry analysis of PD-L1 MFI increase compared to the 

autofluorescence control as observed in the PCV2/PRRSV VR-2385 co-infection treatment 

group. B) Relative mRNA transcript levels of PD-L1 in porcine MoDCs after 24 exposure to the 

corresponding viral treatment group. * denotes statistical significance versus the control 

(p<0.05). Each bar represents the mean of three samples. Error bars indicate standard error. 

 C) Porcine MoDC PD-L1 surface expression levels determined by flow cytometry MFI after 24 

exposure to the corresponding viral treatment group. * denotes statistical significance versus the 

control (p<0.05).  Each bar represents the mean of three samples. Error bars indicate standard 

error. 
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Figure 4.2 A) Relative mRNA transcript levels of SLA-1 in porcine MoDCs after 24 exposure to 

the corresponding viral treatment group. * denotes statistical significance versus the control 

(p<0.05). Each bar represents the mean of three samples. Error bars indicate standard error. B) 

Porcine MoDC surface expression levels of SLA-1 determined by flow cytometry MFI after 24 

exposure to the corresponding viral treatment group. * denotes statistical significance versus the 

control (p<0.05). Each bar represents the mean of three samples. Error bars indicate standard 

error. 
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Figure 4.3 A) Relative mRNA transcript levels of SLA-2 in porcine MoDCs after 24 exposure to 

the corresponding viral treatment group. * denotes statistical significance versus the control 

(p<0.05). Each bar represents the mean of three samples. Error bars indicate standard error. B) 

Porcine MoDC surface expression levels of SLA-2 determined by flow cytometry MFI after 24 

exposure to the corresponding viral treatment group. * denotes statistical significance versus the 

control (p<0.05). Each bar represents the mean of three samples. Error bars indicate standard 

error. 
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Figure 4.4 A) Relative mRNA transcript levels of PD-L1 in porcine MoDCs after 24 hour 

treatment with IFN-α and/or IFN-β. * denotes statistical significance versus the control (p<0.05). 

Each bar represents the mean of three samples. Error bars indicate standard error. B) Porcine 

A 

B 



 

70 

MoDC surface expression levels of PD-L1 after 24 hour treatment with IFN-α and/or IFN-β 

determined by flow cytometry MFI. * denotes statistical significance versus the control (p<0.05). 

Each bar represents the mean of three samples. Error bars indicate standard error. 
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Chapter 5: The PD-L1/CD86 ratio is increased in dendritic cells co-infected with porcine 

circovirus type 2 and porcine reproductive and respiratory syndrome virus, and the PD-

L1/PD-1 axis is associated with anergy, apoptosis, and the induction of regulatory T-cells in 

porcine lymphocytes  

O. Richmond, T.E. Cecere, E. Erdogan, X.J Meng, P. Piñeyro, S. Subramaniam,  S.M. Todd, and T. 

LeRoith 
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Tech, Blacksburg, VA 
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Abstract 

Porcine circovirus type 2 (PCV2) and porcine reproductive and respiratory syndrome 

virus (PRRSV) continue to have a negative economic impact on global swine production 

operations. Host immune modulations that potentiate disease during PCV2 and/or PRRSV 

infections are important areas of ongoing research. In this study, we evaluated the expression 

levels of PD-L1, CD86, and IL-10 in order to phenotype dendritic cells following viral infection 

with PCV2b and/or PRRSV. The results showed that the inhibitory marker PD-L1 was 

significantly increased in monocyte derived dendritic cells (MoDC) in both singular PCV2 
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infection and PCV2/PRRSV co-infections. MoDC expression of stimulatory marker CD86 was 

significantly increased during singular PCV2 infections, while it was significantly decreased in 

the treatment groups co-infected with both PCV2 and PRRSV. IL-10 production was highest 

among MoDCs that were co-infected with PCV2 and PRRSV. These results indicate that 

dendritic cells develop a regulatory phenotype following PCV2/PRRSV co-infections. We 

further investigated the role of the PD-L1/PD-1 axis in lymphocyte anergy, apoptosis, and the 

induction of regulatory T-cells in porcine mononuclear cell populations. Lymphocyte 

populations with normal PD-1 expression had higher percentages of anergic, apoptotic 

lymphocytes and CD4+CD25HIGHFoxP3+ regulatory T-cells when compared to a PD-1 deficient 

lymphocyte population. These results implicate the PD-L1/PD-1 axis in negative regulation of 

lymphocyte responses in pigs.    

Introduction 

Since its discovery in 1998, porcine circovirus type 2 (PCV2) and its associated diseases 

(PCVAD) have been intensive research topics of interest due to the widespread and negative 

economic impact they have on the global swine industry (Meng, 2012). Despite advances in 

PCVAD prevention through awareness and effective vaccination, PCVAD continues to cause 

economic losses in virtually every swine producing nation (Beach and Meng, 2012). Early 

research into PCVAD showed that, while PCV2 is associated with PCVAD, it was rarely 

reproduced by PCV2 infection alone (Allan et al., 1999; Allan et al., 2000; Ellis et al., 1999; 

Tomas et al., 2008). Co-infection with another swine pathogen, such as porcine reproductive and 

respiratory syndrome virus (PRRSV), is typically required for the full spectrum of disease 

manifestation (Beach and Meng, 2012). The exact mechanism(s) of co-infections that lead to 

PCVAD are still active areas of investigation. However, host immune modulations by PCV2 
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and/or a co-infecting pathogen are thought to be critical in the development of clinical disease. In 

particular, suppression of the host immune system has long been suspected of playing a role in 

the progression of PCVAD. Suppressive immune mechanisms such as virally or cytokine 

induced apoptosis of lymphocytes, the induction of regulatory T-cells (Tregs), elevated levels of 

IL-10 production, and altered antigen presenting cell (APC) functionality have all been proposed 

as contributing to the pathogenesis of PCVAD (Cecere et al., 2012; Darwich et al., 2003a; 

Darwich and Mateu, 2012; Shibahara et al., 2000). In this study, we further investigated the 

immune suppression during PCV2 and PRRSV singular infections and co-infections by 

evaluating IL-10, PD-L1, and CD86 expression in monocyte derived dendritic cells (MoDCs) 

during viral infection, and the role of the PD-L1/PD-1 axis on lymphocyte responses in swine. 

 In the first part of this study MoDCs were incubated with different strains of PCV2 and 

PRRSV and evaluated for gene and protein expression levels of the inhibitory marker PD-L1 and 

the stimulatory marker CD86. Because PD-L1 and CD86 belong to the same B7 family of 

proteins (Dong et al., 1999), the balance in the expression of these two molecules can have a 

major role in determining efficient T-cell responses during viral infections (Shen et al., 2010b). 

MoDC gene expression levels of IL-10 were also evaluated to further phenotype the MoDCs 

following viral infection. We hypothesized that there would be an increase in IL-10 and PD-L1 

expression and a decrease in CD86 expression among MoDCs co-infected with PCV2 and wild-

type strains of PRRSV, thus suggesting a potential inhibitory role for APCs during the 

development of PCVAD. 

Additionally in this study, we evaluated the effect of the PD-L1/PD-1 axis in swine. 

Previous research in mice has shown that the binding of PD-L1 with PD-1 expressed on T-cells 

delivers an inhibitory signal that can result in T-cell dysfunction (Kuipers et al., 2006; Martin-
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Orozco et al., 2006). Through siRNA silencing of the PD-1 gene in lymphocytes, we 

hypothesized we would demonstrate a role for the PD-L1/PD-1 axis in either lymphocyte anergy, 

lymphocyte apoptosis, or the induction of regulatory T-cells, similar to other species (Amarnath 

et al., 2011; Francisco et al., 2009; Muhlbauer et al., 2006; Shen et al., 2010b), suggesting that 

increased PD-L1 expression among APCs is a potential mechanism in the pathogenesis of 

PCVAD.  

Materials and methods 

Viruses 

The PCV2b isolate used for this experiment was a virulent strain NC-16845 isolated from 

a diseased pig in North Carolina (Fenaux et al., 2000), and the virus was propagated in PCV-free 

PK-15 cells (Fenaux et al., 2002).Two virulent strains and one vaccine strain of PRRSV were 

utilized in this experiment. The vaccine strain was a modified live-attenuated vaccine (MLV), 

Ingelvac PRRS (Boehringer Ingelheim, St. Joseph MO).  The virulent PRRSV strains were 

ATCC VR-2385 (Meng et al., 1994), and NADC-20 (kindly provided by Dr. Kelly Lager of the 

U.S. Department of Agriculture’s National Animal Disease Center, Ames, Iowa). Both virulent 

PRRSV strains were propagated in MARC-145 cells. The infectious titers of PCV2b NC-16845 

as well as PRRSV MLV, NADC-20 and ATCC VR-2385 were determined as described 

previously (Fang et al., 2006; Fenaux et al., 2002). All viruses were used at a multiplicity of 

infection (MOI) of 1 according to the treatment groups listed in Table 1.  

Cell isolation and cell culture 

Heparinized whole blood was collected from specific-pathogen-free (SPF) pigs that were 

confirmed to be free of PCV2 and PRRSV by PCR and ELISA. Nine animals were used in this 
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study in accordance with the Virginia Tech Institutional Animal Care and Use Committee 

guidelines. Whole blood was diluted 1:2 with sterile PBS, overlaid on Ficoll-PaqueTM (GE 

Healthcare, Piscataway, NJ) and used to isolate peripheral blood mononuclear cells (PBMC) as 

previously described (Silva-Campa et al., 2009). Porcine MoDCs and lymphocytes  were 

generated from the PBMC population using the method previously described (Cecere et al., 

2012). Briefly, PBMCs were plated in T25 tissue culture flasks and incubated overnight in 

complete medium at 37 °C with 5% CO2 to allow monocyte adherence. Non-adherent cells were 

removed by extensive washing and collected for use in the cell proliferation, apoptosis, and Treg 

assays. The remaining adherent monocytes were cultured at 37 °C with 5% CO2 in complete 

medium supplemented with 20 ng/ml recombinant porcine IL-4 and 20 ng/ml recombinant 

porcine GM-CSF. After six days MoDCs were harvested, washed in complete media and 2.5x105 

cells were incubated with their corresponding viral treatments for 24 hours, or utilized in the cell 

proliferation, apoptosis, and Treg assays.  

PD-L1, CD86, and IL-10 expression among virally infected MoDCs 

Flow cytometry analysis was performed for surface expression levels of PD-L1 and 

CD86 among MoDCs from all treatment groups listed in Table 1. Flow cytometry was 

performed using FACSAria cytometer (Becton-Dickinson Biosciences, San Jose, CA). PD-L1 

expression was evaluated using a polyclonal, FITC conjugated, rabbit anti-porcine PD-L1 

antibody (Bioss, Woburn, MA.). CD86 surface analysis was evaluated using a polyclonal, FITC 

conjugated, rabbit anti-porcine CD86 antibody (Bioss). MoDCs were harvested using 

Cellstripper™ (Cellgro, Manassas, VA) and centrifuged at 300xg for 10 minutes at 7°C. The 

resulting pellet was resuspended in the BD pharmingen stain buffer (BD biosciences, San Diego, 

CA.) for antibody staining. All staining was carried out for 30 minutes in the dark. Median 
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fluorescent intensity (MFI) of each treatment group was used to determine protein surface 

expression levels. All samples were tested in triplicate. 

To evaluate PD-L1, CD86, and IL-10 gene expression levels among MoDCs from the 

treatment groups listed in Table 1, total mRNA were isolated from MoDCs using TriReagent 

(Molecular Research Center, Inc., Cincinnati, OH) according to the manufacturer’s instructions 

for adherent cells. One ug of the resulting RNA was then reverse-transcribed to cDNA using a 

Tetro cDNA synthesis kit according to the manufacturer’s instructions (Bioline USA Inc., 

Taunton, MA). Relative mRNA expression levels were evaluated using porcine PD-L1, CD86, 

and IL-10 TaqMan® assays (Life Technologies) according to the manufacturer’s instructions. 

18s rRNA (Life Technologies) was used as an endogenous control. All reactions were carried out 

using a 7500 Fast Real Time PCR System (Applied Biosystems, Grand Island, NY). The 

following program was used for all RT-PCR assays; an initial hold for 2 minutes at 50°C, a 95°C 

hold for 20 seconds, followed by  40 cycles of 95°C for 1 second, 60°C for 20 seconds. All 

samples were tested in triplicate. 

Electroporation and siRNA 

Approximately 106 lymphocytes collected from the non-adherent fraction of PBMCs 

were electroporated in 0.4cm cuvettes (Bio-Rad laboratories, Hercules, CA) using a GenePulser 

Xcell™(Bio-Rad).Exponential wave form electroporation conditions were as follows; 300V,  

350μF capacitance, and 1,000Ω resistance. Experimental groups were electroporated with 

100nM of siRNA while the control groups were electroporated with GenePulser® 

electroporation buffer only (Bio-Rad) at a final volume of 0.3 ml. The PD-1 Stealth RNAi™ 

siRNA (Life Technologies, Waltham, MA) and the negative control sequence Stealth RNAi™ 
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siRNA (Life Technologies) in this experiment were designed using the BLOCK-iT™ RNAi 

designer (Life Technologies). PD-1 silencing was measured using a custom porcine PD-1 

TaqMan® probe (Life Technologies) (Fig. 4A). A blast search was performed to generate a 

negative control siRNA to ensure on target silencing of the PD-1 gene (Fig. 4B). The PD-1 

siRNA, negative control siRNA, and custom PD-1 TaqMan® probe sequences were designed 

based on the published sequence for porcine PD-1, GenBank accession number NM_001204379. 

The sequences of the PD-1 siRNA and negative control siRNA are listed in Table 2. Post 

electroporation cell viability was routinely found to be between 71% and 89% as determined by 

Vybrant® MTT cell proliferation assay (Life Technologies). 

Lymphocyte proliferation 

Following electroporation, lymphocytes were placed in 2ml of complete media 

supplemented with 10ng/ml of recombinant porcine IL-2 (R&D Systems Inc., Minneapolis, MN) 

and rested for 24 hours. At 24 hours post-electroporation, the lymphocytes were placed into a 

T25 flask containing 2.5x104 autologous MoDCs. After 24 hours of co-culture, 1 ml of complete 

media supplemented with 10ug /ml of PHA-L (Sigma-Aldrich, St. Louis, Mo) was added to the 

flask. Cell proliferation was measured at 24 hours post PHA-L exposure using a Cell Trace™ 

violet cell proliferation kit (Life Technologies) according to the manufactures instructions. All 

samples were tested in triplicate.  

Lymphocyte apoptosis 

Following electroporation, lymphocytes were placed in 2 ml of complete media 

supplemented with 10ng /ml of recombinant porcine IL-2 and rested for 24 hours. At 24 hours 

post-electroporation, the lymphocytes were placed into a T25 flask containing 2.5x105 
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autologous MoDCs with 5 ml of complete media. Apoptosis was measured at 6, 8, and 12 hours 

post-MoDC exposure using an annexin V Alexa-Fluor®647 conjugate apoptosis kit (Life 

Technologies) according to the manufacturer’s instructions. DAPI (Life Technologies) was used 

as a counter stain to detect necrotic cells. All samples were tested in triplicate. 

Analysis of Treg percentages 

Following electroporation, lymphocytes were placed in 2 ml of complete media 

supplemented with 10ng/ml of recombinant porcine IL-2 and rested for 24 hours. At 24 hours 

post-electroporation, the lymphocytes were placed into a T25 flask containing 2.5x105 

autologous MoDCs with 5 ml of complete media supplemented with 1 μg of rat anti-porcine 

CD3 monoclonal antibody (Abcam, Cambridge, MA) and 2ng /ml of porcine TGF-β (R&D 

Systems) 72 hours post-MoDC exposure, the lymphocytes were removed from the flask, 

centrifuged at 300xg for 10 minutes. The resulting pellet was washed three times and 

resuspended with the BD pharmingen stain buffer (BD biosciences). Cells were sequentially 

stained with FITC-conjugated mouse anti-porcine CD4 (BD biosciences), APC-conjugated rat 

anti-mouse CD25 with porcine cross-reactivity (Antibodies-Online), and SPRD-conjugated 

mouse anti-porcine CD8α (Southern Bioscience). For intracellular staining, cells were 

permeabilized with a FoxP3 permeabilization/fixation buffer kit followed by staining with anti-

mouse/rat FoxP3:PE that reacts with porcine FoxP3 (eBioscience Inc., San Diego, CA). The 

controls for the flow cytometry were an unstained cell population to detect autofluorescence 

levels, and four cell populations individually stained for CD4, CD8, CD25 and FoxP3. 

CD4+CD25HIGHFoxP3+ cell percentages were analyzed using FlowJo® 7.6.3 software. All 

samples were tested in triplicate.   
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Statistical analysis 

Data analysis was performed using JMP 11.0 (SAS Institute Inc. Cary, NC) using 

Students t-test. Differences between treatment groups were considered to be statistically 

significant where p<0.05. 

Results 

Porcine MoDC PD-L1 and CD86 expression during PCV2 and PRRSV infection 

In order to evaluate the effect of PCV2 and PRRSV infections on swine MoDC PD-L1 

and CD86 expression, 2.5x105 MoDCs were infected with the viral treatment groups listed in 

Table 1. After 24 hours the MoDCs were analyzed for both gene and surface expression of PD-

L1 and CD86. MoDC in all viral treatment groups had significantly increased levels of PD-L1 

gene and surface expression levels with the exception of the virulent PRRSV strain NADC-20 

and the PRRSV MLV (Fig. 1A and 1B). MoDC CD86 expression was reduced in all MoDC 

treatment groups containing virulent strains of PRRSV, however, statistically significant 

decreases were observed only in surface expression levels. The PCV2/MLV co-infection 

treatment group and the singular PCV2 treatment group both had significant increases in the 

gene and surface expression levels of CD86 (Fig. 2A and 2B).  

IL-10 expression in virally-infected MoDCs 

IL-10 is a well-established immunosuppressive cytokine that has been associated with 

inhibited viral clearance and is proposed to play an important role in the pathogenesis of PCVAD 

(Darwich and Mateu, 2012; Quintana et al., 2001). To better understand the phenotype of 

dendritic cell that occurs upon co-infection with PCV2 and PRRSV, the levels of IL-10 gene 
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expression were tested among the treatment groups listed in Table 1. Significant increases in IL-

10 production were observed in MoDCs from the PCV2 only, PCV2/NADC-20, and PCV2/VR-

2385 co-infected groups. The NADC-20 only treatment group was the only group with 

significantly lower expression of IL-10, while the groups containing PRRSV MLV and VR-2385 

only groups had no significant change in IL-10 expression. The largest increase in IL-10 gene 

expression was observed in the PCV2b/VR-2385 co-infected MoDC group (Fig.3). 

PD-L1/PD-1 axis effects on lymphocyte apoptosis, proliferation, and Treg percentages 

In an attempt to elucidate a potential role for the PD-L1/PD-1 axis in lymphocyte 

apoptosis, anergy, and the induction of CD4+CD25HIGHFoxP3+ regulatory T-cells in pigs, 

lymphocytes with deficient PD-1 expression (PD-1(-)) were generated and exposed, along with 

their corresponding treatments, to autologous PD-L1 expressing MoDCs. The PD-1(-) 

lymphocyte population showed decreased levels of apoptosis at time points 6, 8, and 12 hours 

post-MoDC exposure when compared to normal PD-1 expressing lymphocyte populations, 

however, statistically significant decreases were only observed at 8 and 12 hours post-MoDC 

exposure (Fig. 5). These results correlate with a previous study in human cells where 

engagement of the PD-L1/PD-1 axis resulted in increased T-cell apoptosis (Muhlbauer et al., 

2006).  

The PD-1(-) lymphocyte population also had a significant decrease in the percentages of 

non-proliferating cells as compared to normal PD-1 expressing lymphocytes (Fig. 6). The role of 

the PD-L1/PD-1 axis in T-cell anergy and exhaustion has been established in other animal 

species (Barber et al., 2006; Selenko-Gebauer et al., 2003; West et al., 2013). This study expands 
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on these previous studies by experimentally demonstrating the role of the PD-L1/PD-1 axis in 

lymphocyte anergy in pigs.  

CD4+CD25HIGHFoxP3+ Treg percentages were found to be increased among normal PD-1 

expressing lymphocytes when compared to the PD-1(-) lymphocytes (Fig. 7). Previous studies in 

both human and murine species have shown that PD-L1/PD-1 axis can induce and maintain the 

function of Tregs (Amarnath et al., 2011; Francisco et al., 2009). Taken together, the results from 

this study indicate that the engagement of PD-L1/PD-1 axis does deliver a suppressive, 

inhibitory signal to porcine lymphocytes and is involved in the induction of 

CD4+CD25HIGHFoxP3+ Tregs in pigs.  

Discussion 

Dendritic cells are targets of infection by both PCV2 and PRRSV, though they are not 

considered main target cells for the replication of PCV2 (Chang et al., 2006). Previous studies 

have demonstrated that the presence of PCV2 in dendritic cells (DCs) does not alter the 

functionality of the myeloid DCs (Vincent et al., 2005), and the presence of virus in DCs has 

been suggested as a mechanism for viral transmission (Vincent et al., 2003). For these reasons, 

the effect of PCV2 and/or PRRSV infections on the phenotype of DCs is an important area of 

research. The results of this study provide insight into the maintained functionality of DCs 

during singular PCV2 infections, and perhaps some insight into the PCV2 and PRRSV co-

infection necessity for the development of PCVAD. Increased PD-L1 expression has been shown 

to decrease T-cell responses and hinder viral clearance in other types of viral infections 

(McNally et al., 2013; Muhlbauer et al., 2006). Although we observed an increase in PD-L1 

expression among MoDCs in response to singular PCV2 infection, CD86 was also significantly 
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increased. CD86 and PD-L1 are both members of the B7 family of proteins and the balance in 

the expression of these two proteins during viral infection can be crucial in the fate of the 

downstream adaptive immune response (Shen et al., 2010b).The observed increases in 

stimulatory marker CD86 expression among  PCV2 infected MoDCs could help explain the 

efficient T-cell responses observed during singular PCV2 infection (Steiner et al., 2009) despite 

increases in PD-L1 expression. However, the increase in CD86 expression observed in singular 

PCV2 infected MoDCs is mitigated when PRRSV is introduced as a co-infecting pathogen. 

  Among the co-infected treatment groups, significant increases in PD-L1 expression were 

still observed at both the gene and protein levels; however, the expression of the stimulatory 

marker CD86 was significantly decreased. The PCV2b/VR-2385 co-infected MoDC treatment 

group also had the largest increase in IL-10 production. Because DCs not only activate T-cells 

but also negatively regulate T-cell responses (Banchereau and Steinman, 1998; Jonuleit et al., 

2001; Mellman and Steinman, 2001; Selenko-Gebauer et al., 2003), this dendritic cell phenotype 

could deliver an overall inhibitory signal to the T-cells resulting in a dysfunctional adaptive 

immune response in cases of PCV2 and PRRSV co-infections.  

One area of research that still requires clarification is the mechanism of lymphocyte 

depletion observed in cases of PCVAD (Darwich and Mateu, 2012). Significant increases in 

anergic and apoptotic cells were observed in the present study among lymphocyte populations 

that expressed the PD-1 gene at normal levels compared to PD-1(-) lymphocytes. Although 

lymphocyte depletion in cases of PCVAD is most likely the result of a combination of 

mechanisms including increased FasL activation, viral-induced cell lysis, and the destruction of 

the lymphoid architecture (Darwich and Mateu, 2012), the data from this study implicates the 
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observed increase in MoDC PD-L1 expression and the PD-L1/PD-1 axis as a potential additional 

mechanism for lymphocyte depletion in cases of PCVAD.  

Previous research has shown that PCV2/PRRSV co-infected MoDCs induce regulatory 

T-cells (Cecere et al., 2012). This current study attempted to identify a potential mechanism for 

the increase in regulatory T-cells previously observed. Lymphocyte populations expressing 

normal levels of PD-1 had significantly higher percentages of CD4+CD25HIGHFoxP3+ Tregs 

when compared to PD-1(-) lymphocytes. These findings correspond to studies in other animal 

species that demonstrate a role for the PD-L1/PD-1 axis in the induction and maintenance of 

Tregs (Amarnath et al., 2011; Francisco et al., 2009).  

Taken together, the results of this study demonstrate the development of regulatory DCs 

during PCV2/PRRSV co-infection and describe a role for the PD-L1/PD-1 axis in swine 

lymphocyte anergy, apoptosis, and the induction of porcine CD4+CD25HighFoxP3+ Tregs. 

Although the results of this study require in vivo corroboration to confirm a potential role in the 

development of PCVAD, they do support the hypothesis that initial immune suppression may 

play a role in the pathogenesis of PCVAD.  
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Tables 

Table 5.1 Viral treatment groups for the analysis of PD-L1, CD86, and IL-10 MoDC expression 

Group Number PCV2b (MOI 1) PRRSV (MOI 1) 
1 (Control) Negative Negative 
2 NC-16845 Negative 
3 NC-16845  VR-2385  
4 NC-16845  NADC-20  
5 NC-16845  MLV 
6 Negative VR-2385  
7 Negative NADC-20  
8 Negative MLV  
 
Table 5.2 Porcine PD-1 siRNA and negative control siRNA sequences 

Porcine PD-1 siRNA Sequence Sense Sequence   

CAGAGGACGGAGGAUGGACACUGCU       

Antisense Sequence   

AGCAGUGUCCAUCCUCCGUCCUCUG     
Negative Control siRNA Sequence Sense Sequence   

CAGGCAGGGAGGGUACACAUGAGCU       

Antisense Sequence   

AGCUCAUGUGUACCCUCCCUGCCUG   
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Figure 5.1 A) Relative mRNA transcript levels of PD-L1 in porcine MoDCs after a 24 hour 

exposure to the corresponding viral treatment group. * denotes statistical significance versus the 

control (p<0.05). B) Porcine MoDC PD-L1 surface expression levels determined by flow 

cytometry MFI after a 24 hour exposure to the corresponding viral treatment group. * denotes 

statistical significance versus the control (p<0.05).  Each bar represents the mean of 3 samples. 

Error bars indicate standard error. 
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Figure 5.2 A) Relative mRNA transcript levels of CD86 in porcine MoDCs after a 24 hour 

exposure to the corresponding viral treatment group. * denotes statistical significance versus the 

control (p<0.05). B) Porcine MoDC CD86 surface expression levels determined by flow 

cytometry MFI after a 24 hour exposure to the corresponding viral treatment group. * denotes 

statistical significance versus the control (p<0.05).  Each bar represents the mean of 3 samples. 

Error bars indicate standard error. 
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Figure 5.3 Relative mRNA transcript levels of IL-10 in porcine MoDCs after 24 exposure to the 

corresponding viral treatment group. * denotes statistical significance versus the control 

(p<0.05). Each bar represents the mean of 3 samples. Error bars indicate standard error. 
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Figure 5.4 A) Expression levels of the PD-1 gene in mock treatment control porcine 

lymphocytes vs. PD-1 siRNA treated porcine lymphocytes as determined by qRT-PCR at 24hr, 

A 
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48hr, 72hr, and 96hr post electroporation. * denotes statistical significance (p<0.05) versus the 

controls. Each bar represents the mean of three samples. Error bars indicate standard error. B) 

Expression levels of the PD-1 gene determined by qRT-PCR in in mock treatment control 

porcine lymphocytes vs. negative control siRNA treated porcine lymphocytes. Each bar 

represents the mean of 3 samples. Error bars indicate standard error.   
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Figure 5.5 Percentages of apoptotic cells in PD-1defecient porcine lymphocytes vs. normal PD-1 

expressing control porcine lymphocytes at 12hr, 8hr, and 6hr post MoDC exposure. * denotes 

statistical significance (p<0.05) versus the controls. Each bar represents the mean of 3 samples. 

Error bars indicate standard error. 
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Figure 5.6 Percentages of non-proliferating cells in PD-1 deficient porcine lymphocytes vs. 

normal PD-1 expressing control porcine lymphocytes at 24hr post MoDC, 10ng/ml PHA-L 

exposure. * denotes statistical significance (p<0.05) versus the control. Each bar represents the 

mean of 3 samples. Error bars indicate standard error. 
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Figure 5.7 Percentages of CD4+CD25HIGHFoxP3+ Treg cells in PD-1 deficient porcine 

lymphocytes vs. normal PD-1 expressing control porcine lymphocytes at 72hr post MoDC, 1ug 

anti-CD3, and 2ng/ml TGF-β exposure. * denotes statistical significance (p<0.05) versus the 

control. Each bar represents the mean of 3 samples. Error bars indicate standard error 
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Chapter 6: Summary and Conclusions 

Modulation of the host immune system is thought to be crucial in the pathogenesis of 

PCVAD. Several immune suppression mechanisms have been implicated in the development of 

PCVAD including the induction of regulatory T-cells (Treg) which is suspected of contributing 

to viral persistence and disease severity (Cecere et al., 2012). The induction of Tregs by singular, 

strain-dependent PRRSV infection has been established in vivo (LeRoith et al., 2011; Silva-

Campa et al., 2012), and the induction of Tregs was previously shown among T-cell populations 

co-cultured with PCV2 and PRRSV co-infected porcine monocyte derived dendritic cells 

(MoDCs)  in vitro (Cecere et al., 2012).The objective in the first aim of this dissertation was to 

determine if Treg percentages increased in vivo and determine cytokine responses. Our 

hypothesis for the first aim of this dissertation was that the addition of PCV2 to a multiple viral 

challenge would result in an increase in the percentage of Tregs, increased IL-10 and TGF-β 

production, and decreased cell proliferation and IFN-γ production. The results showed that there 

was a significant increase in both the CD4+CD25HighFoxP3+ and CD4+CD8+CD25HighFoxP3+ 

phenotypes of Tregs 14 days post viral challenge among unvaccinated pigs that were challenged 

with PCV2 in addition to other viruses. Although expression of IL-10 was increased in the lung 

tissue of pigs in this treatment group, the hypothesized increase in circulating TGF-β and IL-10 

levels expected to accompany higher percentages of Tregs was not observed, nor was there a 

decrease in cell proliferation. Increased levels of circulating IFN-γ were also observed, contrary 

to the hypothesis, on days 14 and 21 post viral challenge.  These findings suggest that a multi-

faceted immune response may occur during PCVAD development that includes both immune 

suppression and immune stimulation, and that the timing of sampling is critical to establish the 

mechanism of immune modulation. Immune stimulation has previously been shown to increase 
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the effectiveness with which PCVAD can be reproduced (Allan et al., 2004; Nauwynck et al., 

2012; Sanchez et al., 2004). This is most likely due the simple structure of PCV2 and its 

complete dependence on cellular polymerases for replication. The revised hypothesis based on 

the findings of this study is that there is an initial state of immune suppression that begins shortly 

after viral infection followed subsequently by a pro-inflammatory immune environment that 

favors rapid PCV2 replication. Because of the time sensitive nature of monitoring the proposed 

immune modulations, further experimentation with more frequent data collection is needed to 

confirm the revised hypothesis.  

Programmed death ligand-1 (PD-L1) and its receptor programmed death-1 (PD-1) are 

important immunological research and therapeutic targets because of their ability to negatively 

affect lymphocyte activation. Over engagement of the PD-L1/PD-1 axis has been shown in 

human and murine species to cause lymphocyte apoptosis and anergy, and the induction and 

maintenance of Tregs (Amarnath et al., 2011; Francisco et al., 2009; McNally et al., 2013; 

Muhlbauer et al., 2006). Due to the experimentally established importance of the PD-L1/PD-1 

axis in other viral infections (Barber et al., 2006; Day et al., 2006; Urbani et al., 2006), the 

second and third aims of this dissertation sought to investigate and describe altered PD-L1, IL-

10, SLA-1, SLA-2, and CD86 expression among PCV2 and/or PRRSV infected MoDCs and 

examine whether the lymphocyte dysfunction associated with the PD-L1/PD-1 axis observed in 

other animal species occurs in pigs. Because of the association of both PCV2 and PRRSV with 

cells of the monocytic lineage, including dendritic cells (DCs), the resulting DC phenotype 

following PCV2 and/or PRRSV exposure is an important aspect of disease pathogenesis. We 

hypothesized that MoDC infection by PCV2 and/or PRRSV would increase PD-L1 and IL-10 

expression while also decreasing co-stimulatory marker expression resulting in a regulatory 
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phenotype of MoDC. We further hypothesized that the engagement of the PD-L1/PD-1 axis in 

porcine lymphocyte and MoDC cell populations would result in an increase in lymphocyte 

anergy, apoptosis, and the induction of Tregs that has previously been shown in other animal 

species. 

Our results provide the initial description of altered PD-L1 expression in porcine MoDCs 

following PCV2 and/or PRSV infection. Singular PCV2 infection and PCV2/PRRSV co-

infection significantly increased MoDC PD-L1 expression at both the gene and protein levels, 

while singular PRRSV infection significantly increased MoDC PD-L1 expression at the gene and 

protein levels in a strain-dependent manner. These findings suggest that increased PD-L1 

expression among antigen presenting cells (APC) following PCV2/PRRSV co-infection is a 

potential mechanism in the pathogenesis of PCVAD. 

To further investigate potential APC dysfunction, we evaluated the expression levels of 

IL-10, swine leukocyte antigen-1 (SLA-1), swine leukocyte antigen-2 (SLA-2), and CD86 in 

MoDCs following PCV2 and/or PRRSV infections. The data indicates infection of MoDCs by 

virulent strains of PRRSV alone significantly decreased IL-10 expression in a strain-dependent 

manner and decreased the expression of SLA-1, SLA-2, and CD86. These results combined with 

the strain-dependent modulations of MoDC-PD-L1 expression add to the previous literature 

describing erratic and strain-dependent cell mediated immune response to PRRSV infections 

(Charerntantanakul et al., 2006; Lopez Fuertes et al., 1999; Meier et al., 2003). Singular PCV2 

infection induced significant increases in IL-10 gene expression, while also significantly 

increasing gene and protein level expression of SLA-1, SLA-2, and CD86. The significant 

increases in co-stimulatory marker expression observed in these experiments is one possible 

mechanism explaining the effective activation of CD4+ and CD8+ T-cell responses previously 



 

98 

reported in cases of singular PCV2 infection that aide in viral clearance (Fort et al., 2009a; 

Steiner et al., 2009). Co-infection of MoDCs by PCV2 and virulent strains of PRRSV resulted in 

increased IL-10 gene expression and decreased SLA-1, SLA-2, and CD86 gene and protein level 

expression. Regulatory DCs are a heterogeneous cell population characterized not only by 

increases in IL-10 and regulatory molecule expression, but also decreases in co-stimulatory 

molecule expression (Gordon et al., 2014; Wolfle et al., 2011). Because the increases in MoDC 

IL-10 and PD-L1 expression were only accompanied with decreases in SLA-1, SLA-2, and 

CD86 in co-infected MoDCs, we hypothesize that co-infection of APCs by both PCV2 and a co-

pathogen are required for the development of regulatory DCs, and this may be a mechanism in 

the underlying co-infection necessity of PCVAD. Although PCV2/PRRSV induced modulations 

to APC PD-L1, IL-10, SLA-1, SLA-2, and CD86 expression need to be confirmed in vivo, we 

hypothesize that the regulatory phenotype of MoDC observed in these studies following 

PCV2/PRRSV co-infection may translate to a mechanism of lymphocyte depletion and the 

overall pathogenesis in cases of PCVAD.  

Several studies have demonstrated the impact of the PD-L1/PD-1 axis on lymphocyte 

responses in human and murine cells. To verify these findings in pigs, the final experiments of 

this dissertation evaluated anergy, apoptosis, and induction of Tregs in porcine lymphocytes with 

deficient PD-1 expression (PD-1(-)) compared to porcine lymphocytes with normal levels of PD-

1 expression. The results showed that normal PD-1 expressing porcine lymphocytes had 

significantly higher percentages of anergic and apoptotic cells, and  a significant increase in the 

percentage of CD4+CD25HighFoxP3+ regulatory T-cells compared to PD-1(-) porcine 

lymphocytes. These findings supported our hypothesis that increased APC PD-L1 expression is 

involved in lymphocyte depletion and immune dysfunction in cases of PCVAD.  
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Although effective vaccination against PCV2 has decreased the negative health and 

economic impacts of PCVAD in commercial swine herds, the threat of new emerging genotypes 

and the ubiquitous nature of PCV2 around the world make elucidating the pathogenesis of 

PCVAD an important research topic. Over the past almost 20 years of PCV2 focused research 

many discoveries have led to a better understanding of PCV2 infections and PCVAD 

development. However, many aspects of disease progression at the cellular and molecular level 

remain elusive. Many of the findings of this dissertation require in vivo confirmation; however 

we believe this work adds significantly to the base of knowledge about PCV2 and PCVAD and 

will improve future therapeutic efforts.  
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Figures 

 
 

 
 
 
 

 

 

 

 

 

Fig. 6.1 Dendritic cell phenotypic changes and proposed T-
cell responses following singular PCV2 infection of 
dendritic cells (A) and PCV2/PRRSV co-infection of 
dendritic cells (B). 
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Appendices 

Appendix A: Representative median fluorescent shift as determined by flow cytometry for 

MoDC PD-L1 expression in the control and PCV2+VR-2385 treatment groups.  
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Appendix B: Representative median fluorescent shift as determined by flow cytometry for 

MoDC CD86 expression in the control and PCV2+VR-2385 treatment groups. 
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Appendix C: Representative median fluorescent shift as determined by flow cytometry for 

MoDC SLA-1 expression in the control and PCV2+VR-2385 treatment groups.  
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Appendix D: Representative median fluorescent shift as determined by flow cytometry for 

MoDC SLA-2 expression in the control and PCV2+VR-2385 treatment groups. 
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Appendix E: Representative flow cytometry profile of regulatory T-cell percentages following 

CD4 and CD25 gating. Cells are from a normal PD-1 expressing lymphocyte population 72hr 

post-MoDC exposure. Complete Media for the incubation was supplemented with 1 μg rat anti-

porcine CD3 monoclonal antibody and 2ng /ml porcine TGF-β.  
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Appendix F: Representative flow cytometry profile of apoptotic cell percentage as determined 

by annexin-V and DAPI staining. Cells are from normal PD-1 expressing lymphocytes at 6hr 

post-MoDC exposure. 
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Appendix G: Representative anergic cell percentages as determined by flow cytometry. Cells 

are from a lymphocyte population with normal levels of PD-1 expression. Cell proliferation was 

determined 24hr post-MoDC exposure. Complete media for the incubation was supplemented 

with 10 μg/ml PHA-L.  Cell proliferation was determined using Cell Trace™ violet cell 

proliferation kit (Life Technologies). 

 

 

 

 

 

 

 

 

 



 

108 

Literature Cited 

Alarcon, P., Velasova, M., Mastin, A., Nevel, A., Stark, K.D., Wieland, B., 2011. Farm level risk     
factors associated with severity of post-weaning multi-systemic wasting syndrome. Preventive 
veterinary medicine 101, 182-191. 
Allan, G.M., Kennedy, S., McNeilly, F., Foster, J.C., Ellis, J.A., Krakowka, S.J., Meehan, B.M., 

Adair, B.M., 1999. Experimental reproduction of severe wasting disease by co-infection 
of pigs with porcine circovirus and porcine parvovirus. Journal of comparative pathology 
121, 1-11. 

Allan, G.M., McNeilly, F., Ellis, J., Krakowka, S., Botner, A., McCullough, K., Nauwynck, H., 
Kennedy, S., Meehan, B., Charreyre, C., 2004. PMWS: experimental model and co-
infections. Veterinary microbiology 98, 165-168. 

Allan, G.M., McNeilly, F., Ellis, J., Krakowka, S., Meehan, B., McNair, I., Walker, I., Kennedy, 
S., 2000. Experimental infection of colostrum deprived piglets with porcine circovirus 2 
(PCV2) and porcine reproductive and respiratory syndrome virus (PRRSV) potentiates 
PCV2 replication. Archives of virology 145, 2421-2429. 

Allan, G.M., McNeilly, F., Kennedy, S., Daft, B., Clarke, E.G., Ellis, J.A., Haines, D.M., 
Meehan, B.M., Adair, B.M., 1998. Isolation of porcine circovirus-like viruses from pigs 
with a wasting disease in the USA and Europe. Journal of veterinary diagnostic 
investigation : official publication of the American Association of Veterinary Laboratory 
Diagnosticians, Inc 10, 3-10. 

Amarnath, S., Mangus, C.W., Wang, J.C., Wei, F., He, A., Kapoor, V., Foley, J.E., Massey, P.R., 
Felizardo, T.C., Riley, J.L., Levine, B.L., June, C.H., Medin, J.A., Fowler, D.H., 2011. 
The PDL1-PD1 axis converts human TH1 cells into regulatory T cells. Science 
translational medicine 3, 111ra120. 

Andersson, J., Boasso, A., Nilsson, J., Zhang, R., Shire, N.J., Lindback, S., Shearer, G.M., 
Chougnet, C.A., 2005. The prevalence of regulatory T cells in lymphoid tissue is 
correlated with viral load in HIV-infected patients. Journal of immunology (Baltimore, 
Md. : 1950) 174, 3143-3147. 

Andersson, J., Tran, D.Q., Pesu, M., Davidson, T.S., Ramsey, H., O'Shea, J.J., Shevach, E.M., 
2008. CD4+ FoxP3+ regulatory T cells confer infectious tolerance in a TGF-beta-
dependent manner. The Journal of experimental medicine 205, 1975-1981. 

Balmelli, C., Steiner, E., Moulin, H., Peduto, N., Herrmann, B., Summerfield, A., McCullough, 
K., 2011. Porcine circovirus type 2 DNA influences cytoskeleton rearrangements in 
plasmacytoid and monocyte-derived dendritic cells. Immunology 132, 57-65. 

Banchereau, J., Steinman, R.M., 1998. Dendritic cells and the control of immunity. Nature 392, 
245-252. 

Barber, D.L., Wherry, E.J., Masopust, D., Zhu, B., Allison, J.P., Sharpe, A.H., Freeman, G.J., 
Ahmed, R., 2006. Restoring function in exhausted CD8 T cells during chronic viral 
infection. Nature 439, 682-687. 

Baumann, A., Mateu, E., Murtaugh, M.P., Summerfield, A., 2013. Impact of genotype 1 and 2 of 
porcine reproductive and respiratory syndrome viruses on interferon-alpha responses by 
plasmacytoid dendritic cells. Veterinary research 44, 33. 



 

109 

Beach, N.M., Meng, X.J., 2012. Efficacy and future prospects of commercially available and 
experimental vaccines against porcine circovirus type 2 (PCV2). Virus research 164, 33-
42. 

Beach, N.M., Ramamoorthy, S., Opriessnig, T., Wu, S.Q., Meng, X.J., 2010. Novel chimeric 
porcine circovirus (PCV) with the capsid gene of the emerging PCV2b subtype cloned in 
the genomic backbone of the non-pathogenic PCV1 is attenuated in vivo and induces 
protective and cross-protective immunity against PCV2b and PCV2a subtypes in pigs. 
Vaccine 29, 221-232. 

Belkaid, Y., 2007. Regulatory T cells and infection: a dangerous necessity. Nature reviews. 
Immunology 7, 875-888. 

Blanchard, P., Mahe, D., Cariolet, R., Keranflec'h, A., Baudouard, M.A., Cordioli, P., Albina, E., 
Jestin, A., 2003. Protection of swine against post-weaning multisystemic wasting 
syndrome (PMWS) by porcine circovirus type 2 (PCV2) proteins. Vaccine 21, 4565-
4575. 

Bodor, J., Bopp, T., Vaeth, M., Klein, M., Serfling, E., Hunig, T., Becker, C., Schild, H., 
Schmitt, E., 2012. Cyclic AMP underpins suppression by regulatory T cells. European 
journal of immunology 42, 1375-1384. 

Boettler, T., Spangenberg, H.C., Neumann-Haefelin, C., Panther, E., Urbani, S., Ferrari, C., 
Blum, H.E., von Weizsacker, F., Thimme, R., 2005. T cells with a CD4+CD25+ 
regulatory phenotype suppress in vitro proliferation of virus-specific CD8+ T cells during 
chronic hepatitis C virus infection. Journal of virology 79, 7860-7867. 

Bolin, S.R., Stoffregen, W.C., Nayar, G.P., Hamel, A.L., 2001. Postweaning multisystemic 
wasting syndrome induced after experimental inoculation of cesarean-derived, colostrum-
deprived piglets with type 2 porcine circovirus. Journal of veterinary diagnostic 
investigation : official publication of the American Association of Veterinary Laboratory 
Diagnosticians, Inc 13, 185-194. 

Boni, C., Fisicaro, P., Valdatta, C., Amadei, B., Di Vincenzo, P., Giuberti, T., Laccabue, D., 
Zerbini, A., Cavalli, A., Missale, G., Bertoletti, A., Ferrari, C., 2007. Characterization of 
hepatitis B virus (HBV)-specific T-cell dysfunction in chronic HBV infection. Journal of 
virology 81, 4215-4225. 

Bopp, T., Becker, C., Klein, M., Klein-Hessling, S., Palmetshofer, A., Serfling, E., Heib, V., 
Becker, M., Kubach, J., Schmitt, S., Stoll, S., Schild, H., Staege, M.S., Stassen, M., 
Jonuleit, H., Schmitt, E., 2007. Cyclic adenosine monophosphate is a key component of 
regulatory T cell-mediated suppression. The Journal of experimental medicine 204, 1303-
1310. 

Brunborg, I.M., Jonassen, C.M., Moldal, T., Bratberg, B., Lium, B., Koenen, F., Schonheit, J., 
2007. Association of myocarditis with high viral load of porcine circovirus type 2 in 
several tissues in cases of fetal death and high mortality in piglets. A case study. Journal 
of veterinary diagnostic investigation : official publication of the American Association 
of Veterinary Laboratory Diagnosticians, Inc 19, 368-375. 

Calzada-Nova, G., Schnitzlein, W.M., Husmann, R.J., Zuckermann, F.A., 2011. North American 
porcine reproductive and respiratory syndrome viruses inhibit type I interferon 
production by plasmacytoid dendritic cells. Journal of virology 85, 2703-2713. 

Cavanagh, D., 1997. Nidovirales: a new order comprising Coronaviridae and Arteriviridae. 
Archives of virology 142, 629-633. 



 

110 

Cecere, T.E., Meng, X.J., Pelzer, K., Todd, S.M., Beach, N.M., Ni, Y.Y., Leroith, T., 2012. Co-
infection of porcine dendritic cells with porcine circovirus type 2a (PCV2a) and genotype 
II porcine reproductive and respiratory syndrome virus (PRRSV) induces 
CD4(+)CD25(+)FoxP3(+) T cells in vitro. Veterinary microbiology 160, 233-239. 

Cederbom, L., Hall, H., Ivars, F., 2000. CD4+CD25+ regulatory T cells down-regulate co-
stimulatory molecules on antigen-presenting cells. European journal of immunology 30, 
1538-1543. 

Chand, R.J., Trible, B.R., Rowland, R.R., 2012. Pathogenesis of porcine reproductive and 
respiratory syndrome virus. Current opinion in virology 2, 256-263. 

Chang, H.W., Jeng, C.R., Lin, C.M., Liu, J.J., Chang, C.C., Tsai, Y.C., Chia, M.Y., Pang, V.F., 
2007. The involvement of Fas/FasL interaction in porcine circovirus type 2 and porcine 
reproductive and respiratory syndrome virus co-inoculation-associated lymphocyte 
apoptosis in vitro. Veterinary microbiology 122, 72-82. 

Chang, H.W., Jeng, C.R., Lin, T.L., Liu, J.J., Chiou, M.T., Tsai, Y.C., Chia, M.Y., Jan, T.R., 
Pang, V.F., 2006. Immunopathological effects of porcine circovirus type 2 (PCV2) on 
swine alveolar macrophages by in vitro inoculation. Veterinary immunology and 
immunopathology 110, 207-219. 

Charerntantanakul, W., Platt, R., Roth, J.A., 2006. Effects of porcine reproductive and 
respiratory syndrome virus-infected antigen-presenting cells on T cell activation and 
antiviral cytokine production. Viral immunology 19, 646-661. 

Chemnitz, J.M., Parry, R.V., Nichols, K.E., June, C.H., Riley, J.L., 2004. SHP-1 and SHP-2 
associate with immunoreceptor tyrosine-based switch motif of programmed death 1 upon 
primary human T cell stimulation, but only receptor ligation prevents T cell activation. 
Journal of immunology (Baltimore, Md. : 1950) 173, 945-954. 

Cheung, A.K., 2003a. Comparative analysis of the transcriptional patterns of pathogenic and 
nonpathogenic porcine circoviruses. Virology 310, 41-49. 

Cheung, A.K., 2003b. Transcriptional analysis of porcine circovirus type 2. Virology 305, 168-
180. 

Cheung, A.K., 2007. A stem-loop structure, sequence non-specific, at the origin of DNA 
replication of porcine circovirus is essential for termination but not for initiation of 
rolling-circle DNA replication. Virology 363, 229-235. 

Cheung, A.K., 2012. Porcine circovirus: transcription and DNA replication. Virus research 164, 
46-53. 

Cino-Ozuna, A.G., Henry, S., Hesse, R., Nietfeld, J.C., Bai, J., Scott, H.M., Rowland, R.R., 
2011. Characterization of a new disease syndrome associated with porcine circovirus type 
2 in previously vaccinated herds. Journal of clinical microbiology 49, 2012-2016. 

Colonna, M., Trinchieri, G., Liu, Y.J., 2004. Plasmacytoid dendritic cells in immunity. Nature 
immunology 5, 1219-1226. 

Curotto de Lafaille, M.A., Lafaille, J.J., 2009. Natural and adaptive foxp3+ regulatory T cells: 
more of the same or a division of labor? Immunity 30, 626-635. 

Darwich, L., Balasch, M., Plana-Duran, J., Segales, J., Domingo, M., Mateu, E., 2003a. Cytokine 
profiles of peripheral blood mononuclear cells from pigs with postweaning multisystemic 
wasting syndrome in response to mitogen, superantigen or recall viral antigens. The 
Journal of general virology 84, 3453-3457. 



 

111 

Darwich, L., Diaz, I., Mateu, E., 2010. Certainties, doubts and hypotheses in porcine 
reproductive and respiratory syndrome virus immunobiology. Virus research 154, 123-
132. 

Darwich, L., Mateu, E., 2012. Immunology of porcine circovirus type 2 (PCV2). Virus research 
164, 61-67. 

Darwich, L., Pie, S., Rovira, A., Segales, J., Domingo, M., Oswald, I.P., Mateu, E., 2003b. 
Cytokine mRNA expression profiles in lymphoid tissues of pigs naturally affected by 
postweaning multisystemic wasting syndrome. The Journal of general virology 84, 2117-
2125. 

Day, C.L., Kaufmann, D.E., Kiepiela, P., Brown, J.A., Moodley, E.S., Reddy, S., Mackey, E.W., 
Miller, J.D., Leslie, A.J., DePierres, C., Mncube, Z., Duraiswamy, J., Zhu, B., Eichbaum, 
Q., Altfeld, M., Wherry, E.J., Coovadia, H.M., Goulder, P.J., Klenerman, P., Ahmed, R., 
Freeman, G.J., Walker, B.D., 2006. PD-1 expression on HIV-specific T cells is 
associated with T-cell exhaustion and disease progression. Nature 443, 350-354. 

Deaglio, S., Dwyer, K.M., Gao, W., Friedman, D., Usheva, A., Erat, A., Chen, J.F., Enjyoji, K., 
Linden, J., Oukka, M., Kuchroo, V.K., Strom, T.B., Robson, S.C., 2007. Adenosine 
generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates 
immune suppression. The Journal of experimental medicine 204, 1257-1265. 

Diaz, I., Darwich, L., Pappaterra, G., Pujols, J., Mateu, E., 2006. Different European-type 
vaccines against porcine reproductive and respiratory syndrome virus have different 
immunological properties and confer different protection to pigs. Virology 351, 249-259. 

Dieckmann, D., Plottner, H., Berchtold, S., Berger, T., Schuler, G., 2001. Ex vivo isolation and 
characterization of CD4(+)CD25(+) T cells with regulatory properties from human blood. 
The Journal of experimental medicine 193, 1303-1310. 

Dong, H., Zhu, G., Tamada, K., Chen, L., 1999. B7-H1, a third member of the B7 family, co-
stimulates T-cell proliferation and interleukin-10 secretion. Nature medicine 5, 1365-
1369. 

Dorr, P.M., Baker, R.B., Almond, G.W., Wayne, S.R., Gebreyes, W.A., 2007. Epidemiologic 
assessment of porcine circovirus type 2 coinfection with other pathogens in swine. 
Journal of the American Veterinary Medical Association 230, 244-250. 

Doster, A.R., Subramaniam, S., Yhee, J.Y., Kwon, B.J., Yu, C.H., Kwon, S.Y., Osorio, F.A., 
Sur, J.H., 2010. Distribution and characterization of IL-10-secreting cells in lymphoid 
tissues of PCV2-infected pigs. Journal of veterinary science 11, 177-183. 

Drolet, R., Larochelle, R., Morin, M., Delisle, B., Magar, R., 2003. Detection rates of porcine 
reproductive and respiratory syndrome virus, porcine circovirus type 2, and swine 
influenza virus in porcine proliferative and necrotizing pneumonia. Veterinary pathology 
40, 143-148. 

Duechting, A., Tschope, C., Kaiser, H., Lamkemeyer, T., Tanaka, N., Aberle, S., Lang, F., 
Torresi, J., Kandolf, R., Bock, C.T., 2008. Human parvovirus B19 NS1 protein modulates 
inflammatory signaling by activation of STAT3/PIAS3 in human endothelial cells. 
Journal of virology 82, 7942-7952. 

Dupont, K., Nielsen, E.O., Baekbo, P., Larsen, L.E., 2008. Genomic analysis of PCV2 isolates 
from Danish archives and a current PMWS case-control study supports a shift in 
genotypes with time. Veterinary microbiology 128, 56-64. 

Ellis, J., Hassard, L., Clark, E., Harding, J., Allan, G., Willson, P., Strokappe, J., Martin, K., 
McNeilly, F., Meehan, B., Todd, D., Haines, D., 1998. Isolation of circovirus from 



 

112 

lesions of pigs with postweaning multisystemic wasting syndrome. The Canadian 
veterinary journal. La revue veterinaire canadienne 39, 44-51. 

Ellis, J., Krakowka, S., Lairmore, M., Haines, D., Bratanich, A., Clark, E., Allan, G., Konoby, 
C., Hassard, L., Meehan, B., Martin, K., Harding, J., Kennedy, S., McNeilly, F., 1999. 
Reproduction of lesions of postweaning multisystemic wasting syndrome in gnotobiotic 
piglets. Journal of veterinary diagnostic investigation : official publication of the 
American Association of Veterinary Laboratory Diagnosticians, Inc 11, 3-14. 

Fallarino, F., Grohmann, U., Hwang, K.W., Orabona, C., Vacca, C., Bianchi, R., Belladonna, 
M.L., Fioretti, M.C., Alegre, M.L., Puccetti, P., 2003. Modulation of tryptophan 
catabolism by regulatory T cells. Nature immunology 4, 1206-1212. 

Fang, Y., Rowland, R.R., Roof, M., Lunney, J.K., Christopher-Hennings, J., Nelson, E.A., 2006. 
A full-length cDNA infectious clone of North American type 1 porcine reproductive and 
respiratory syndrome virus: expression of green fluorescent protein in the Nsp2 region. 
Journal of virology 80, 11447-11455. 

Faunce, D.E., Terajewicz, A., Stein-Streilein, J., 2004. Cutting edge: in vitro-generated 
tolerogenic APC induce CD8+ T regulatory cells that can suppress ongoing experimental 
autoimmune encephalomyelitis. Journal of immunology (Baltimore, Md. : 1950) 172, 
1991-1995. 

Fenaux, M., Halbur, P.G., Gill, M., Toth, T.E., Meng, X.J., 2000. Genetic characterization of 
type 2 porcine circovirus (PCV-2) from pigs with postweaning multisystemic wasting 
syndrome in different geographic regions of North America and development of a 
differential PCR-restriction fragment length polymorphism assay to detect and 
differentiate between infections with PCV-1 and PCV-2. Journal of clinical microbiology 
38, 2494-2503. 

Fenaux, M., Halbur, P.G., Haqshenas, G., Royer, R., Thomas, P., Nawagitgul, P., Gill, M., Toth, 
T.E., Meng, X.J., 2002. Cloned genomic DNA of type 2 porcine circovirus is infectious 
when injected directly into the liver and lymph nodes of pigs: characterization of clinical 
disease, virus distribution, and pathologic lesions. Journal of virology 76, 541-551. 

Fenaux, M., Opriessnig, T., Halbur, P.G., Elvinger, F., Meng, X.J., 2004. A chimeric porcine 
circovirus (PCV) with the immunogenic capsid gene of the pathogenic PCV type 2 
(PCV2) cloned into the genomic backbone of the nonpathogenic PCV1 induces 
protective immunity against PCV2 infection in pigs. Journal of virology 78, 6297-6303. 

Feng, W.H., Tompkins, M.B., Xu, J.S., Zhang, H.X., McCaw, M.B., 2003. Analysis of 
constitutive cytokine expression by pigs infected in-utero with porcine reproductive and 
respiratory syndrome virus. Veterinary immunology and immunopathology 94, 35-45. 

Finsterbusch, T., Steinfeldt, T., Caliskan, R., Mankertz, A., 2005. Analysis of the subcellular 
localization of the proteins Rep, Rep' and Cap of porcine circovirus type 1. Virology 343, 
36-46. 

Fontenot, J.D., Gavin, M.A., Rudensky, A.Y., 2003. Foxp3 programs the development and 
function of CD4+CD25+ regulatory T cells. Nature immunology 4, 330-336. 

Fort, M., Fernandes, L.T., Nofrarias, M., Diaz, I., Sibila, M., Pujols, J., Mateu, E., Segales, J., 
2009a. Development of cell-mediated immunity to porcine circovirus type 2 (PCV2) in 
caesarean-derived, colostrum-deprived piglets. Veterinary immunology and 
immunopathology 129, 101-107. 



 

113 

Fort, M., Olvera, A., Sibila, M., Segales, J., Mateu, E., 2007. Detection of neutralizing antibodies 
in postweaning multisystemic wasting syndrome (PMWS)-affected and non-PMWS-
affected pigs. Veterinary microbiology 125, 244-255. 

Fort, M., Sibila, M., Nofrarias, M., Perez-Martin, E., Olvera, A., Mateu, E., Segales, J., 2010. 
Porcine circovirus type 2 (PCV2) Cap and Rep proteins are involved in the development 
of cell-mediated immunity upon PCV2 infection. Veterinary immunology and 
immunopathology 137, 226-234. 

Fort, M., Sibila, M., Perez-Martin, E., Nofrarias, M., Mateu, E., Segales, J., 2009b. One dose of a 
porcine circovirus 2 (PCV2) sub-unit vaccine administered to 3-week-old conventional 
piglets elicits cell-mediated immunity and significantly reduces PCV2 viremia in an 
experimental model. Vaccine 27, 4031-4037. 

Franceschini, D., Paroli, M., Francavilla, V., Videtta, M., Morrone, S., Labbadia, G., Cerino, A., 
Mondelli, M.U., Barnaba, V., 2009. PD-L1 negatively regulates CD4+CD25+Foxp3+ 
Tregs by limiting STAT-5 phosphorylation in patients chronically infected with HCV. 
The Journal of clinical investigation 119, 551-564. 

Francisco, L.M., Sage, P.T., Sharpe, A.H., 2010. The PD-1 pathway in tolerance and 
autoimmunity. Immunological reviews 236, 219-242. 

Francisco, L.M., Salinas, V.H., Brown, K.E., Vanguri, V.K., Freeman, G.J., Kuchroo, V.K., 
Sharpe, A.H., 2009. PD-L1 regulates the development, maintenance, and function of 
induced regulatory T cells. The Journal of experimental medicine 206, 3015-3029. 

Freeman, G.J., Long, A.J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H., Fitz, L.J., 
Malenkovich, N., Okazaki, T., Byrne, M.C., Horton, H.F., Fouser, L., Carter, L., Ling, 
V., Bowman, M.R., Carreno, B.M., Collins, M., Wood, C.R., Honjo, T., 2000. 
Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family member leads 
to negative regulation of lymphocyte activation. The Journal of experimental medicine 
192, 1027-1034. 

Gagnon, C.A., Music, N., Fontaine, G., Tremblay, D., Harel, J., 2010. Emergence of a new type 
of porcine circovirus in swine (PCV): a type 1 and type 2 PCV recombinant. Veterinary 
microbiology 144, 18-23. 

Gao, Z., Dong, Q., Jiang, Y., Opriessnig, T., Wang, J., Quan, Y., Yang, Z., 2014. ORF4-protein 
deficient PCV2 mutants enhance virus-induced apoptosis and show differential 
expression of mRNAs in vitro. Virus research 183C, 56-62. 

Gassmann, M., Focher, F., Buhk, H.J., Ferrari, E., Spadari, S., Hubscher, U., 1988. Replication 
of single-stranded porcine circovirus DNA by DNA polymerases alpha and delta. 
Biochimica et biophysica acta 951, 280-289. 

Gillespie, J., Opriessnig, T., Meng, X.J., Pelzer, K., Buechner-Maxwell, V., 2009. Porcine 
circovirus type 2 and porcine circovirus-associated disease. Journal of veterinary internal 
medicine / American College of Veterinary Internal Medicine 23, 1151-1163. 

Gilpin, D.F., McCullough, K., Meehan, B.M., McNeilly, F., McNair, I., Stevenson, L.S., Foster, 
J.C., Ellis, J.A., Krakowka, S., Adair, B.M., Allan, G.M., 2003. In vitro studies on the 
infection and replication of porcine circovirus type 2 in cells of the porcine immune 
system. Veterinary immunology and immunopathology 94, 149-161. 

Gordon, J.R., Ma, Y., Churchman, L., Gordon, S.A., Dawicki, W., 2014. Regulatory Dendritic 
Cells for Immunotherapy in Immunologic Diseases. Frontiers in immunology 5, 7. 

Grau-Roma, L., Segales, J., 2007. Detection of porcine reproductive and respiratory syndrome 
virus, porcine circovirus type 2, swine influenza virus and Aujeszky's disease virus in 



 

114 

cases of porcine proliferative and necrotizing pneumonia (PNP) in Spain. Veterinary 
microbiology 119, 144-151. 

Grossman, W.J., Verbsky, J.W., Tollefsen, B.L., Kemper, C., Atkinson, J.P., Ley, T.J., 2004. 
Differential expression of granzymes A and B in human cytotoxic lymphocyte subsets 
and T regulatory cells. Blood 104, 2840-2848. 

Hasslung, F., Wallgren, P., Ladekjaer-Hansen, A.S., Botner, A., Nielsen, J., Wattrang, E., Allan, 
G.M., McNeilly, F., Ellis, J., Timmusk, S., Belak, K., Segall, T., Melin, L., Berg, M., 
Fossum, C., 2005. Experimental reproduction of postweaning multisystemic wasting 
syndrome (PMWS) in pigs in Sweden and Denmark with a Swedish isolate of porcine 
circovirus type 2. Veterinary microbiology 106, 49-60. 

Hawrylowicz, C.M., O'Garra, A., 2005. Potential role of interleukin-10-secreting regulatory T 
cells in allergy and asthma. Nature reviews. Immunology 5, 271-283. 

Hori, S., Nomura, T., Sakaguchi, S., 2003. Control of regulatory T cell development by the 
transcription factor Foxp3. Science (New York, N.Y.) 299, 1057-1061. 

Jacobsen, B., Krueger, L., Seeliger, F., Bruegmann, M., Segales, J., Baumgaertner, W., 2009. 
Retrospective study on the occurrence of porcine circovirus 2 infection and associated 
entities in Northern Germany. Veterinary microbiology 138, 27-33. 

Jeon, D.H., Oh, K., Oh, B.C., Nam, D.H., Kim, C.H., Park, H.B., Cho, J., Lee, J.R., Lee, D.S., 
Lee, G., 2007. Porcine PD-L1: cloning, characterization, and implications during 
xenotransplantation. Xenotransplantation 14, 236-242. 

Joetham, A., Takeda, K., Taube, C., Miyahara, N., Matsubara, S., Koya, T., Rha, Y.H., 
Dakhama, A., Gelfand, E.W., 2007. Naturally occurring lung CD4(+)CD25(+) T cell 
regulation of airway allergic responses depends on IL-10 induction of TGF-beta. Journal 
of immunology (Baltimore, Md. : 1950) 178, 1433-1442. 

Jonuleit, H., Schmitt, E., Steinbrink, K., Enk, A.H., 2001. Dendritic cells as a tool to induce 
anergic and regulatory T cells. Trends in immunology 22, 394-400. 

Juhan, N.M., LeRoith, T., Opriessnig, T., Meng, X.J., 2010. The open reading frame 3 (ORF3) of 
porcine circovirus type 2 (PCV2) is dispensable for virus infection but evidence of 
reduced pathogenicity is limited in pigs infected by an ORF3-null PCV2 mutant. Virus 
research 147, 60-66. 

Jung, K., Ha, Y., Ha, S.K., Kim, J., Choi, C., Park, H.K., Kim, S.H., Chae, C., 2006. 
Identification of porcine circovirus type 2 in retrospective cases of pigs naturally infected 
with porcine epidemic diarrhoea virus. Veterinary journal (London, England : 1997) 171, 
166-168. 

Jung, K., Renukaradhya, G.J., Alekseev, K.P., Fang, Y., Tang, Y., Saif, L.J., 2009. Porcine 
reproductive and respiratory syndrome virus modifies innate immunity and alters disease 
outcome in pigs subsequently infected with porcine respiratory coronavirus: implications 
for respiratory viral co-infections. The Journal of general virology 90, 2713-2723. 

Kaser, T., Gerner, W., Hammer, S.E., Patzl, M., Saalmuller, A., 2008. Phenotypic and functional 
characterisation of porcine CD4(+)CD25(high) regulatory T cells. Veterinary 
immunology and immunopathology 122, 153-158. 

Kaser, T., Gerner, W., Mair, K., Hammer, S.E., Patzl, M., Saalmuller, A., 2012. Current 
knowledge on porcine regulatory T cells. Veterinary immunology and immunopathology 
148, 136-138. 

Kaser, T., Gerner, W., Saalmuller, A., 2011. Porcine regulatory T cells: mechanisms and T-cell 
targets of suppression. Developmental and comparative immunology 35, 1166-1172. 



 

115 

Kekarainen, T., McCullough, K., Fort, M., Fossum, C., Segales, J., Allan, G.M., 2010. Immune 
responses and vaccine-induced immunity against Porcine circovirus type 2. Veterinary 
immunology and immunopathology 136, 185-193. 

Kekarainen, T., Montoya, M., Dominguez, J., Mateu, E., Segales, J., 2008a. Porcine circovirus 
type 2 (PCV2) viral components immunomodulate recall antigen responses. Veterinary 
immunology and immunopathology 124, 41-49. 

Kekarainen, T., Montoya, M., Mateu, E., Segales, J., 2008b. Porcine circovirus type 2-induced 
interleukin-10 modulates recall antigen responses. The Journal of general virology 89, 
760-765. 

Kekarainen, T., Sibila, M., Segales, J., 2006. Prevalence of swine Torque teno virus in post-
weaning multisystemic wasting syndrome (PMWS)-affected and non-PMWS-affected 
pigs in Spain. The Journal of general virology 87, 833-837. 

Kennedy, S., Moffett, D., McNeilly, F., Meehan, B., Ellis, J., Krakowka, S., Allan, G.M., 2000. 
Reproduction of lesions of postweaning multisystemic wasting syndrome by infection of 
conventional pigs with porcine circovirus type 2 alone or in combination with porcine 
parvovirus. Journal of comparative pathology 122, 9-24. 

Kim, J., Chae, C., 2004. Expression of monocyte chemoattractant protein-1 and macrophage 
inflammatory protein-1 in porcine circovirus 2-induced granulomatous inflammation. 
Journal of comparative pathology 131, 121-126. 

Kim, J., Chung, H.K., Chae, C., 2003. Association of porcine circovirus 2 with porcine 
respiratory disease complex. Veterinary journal (London, England : 1997) 166, 251-256. 

Kim, J., Ha, Y., Jung, K., Choi, C., Chae, C., 2004. Enteritis associated with porcine circovirus 2 
in pigs. Canadian journal of veterinary research = Revue canadienne de recherche 
veterinaire 68, 218-221. 

Koga, N., Suzuki, J., Kosuge, H., Haraguchi, G., Onai, Y., Futamatsu, H., Maejima, Y., Gotoh, 
R., Saiki, H., Tsushima, F., Azuma, M., Isobe, M., 2004. Blockade of the interaction 
between PD-1 and PD-L1 accelerates graft arterial disease in cardiac allografts. 
Arteriosclerosis, thrombosis, and vascular biology 24, 2057-2062. 

Krakowka, S., Ellis, J., McNeilly, F., Meehan, B., Oglesbee, M., Alldinger, S., Allan, G., 2004. 
Features of cell degeneration and death in hepatic failure and systemic lymphoid 
depletion characteristic of porcine circovirus-2-associated postweaning multisystemic 
wasting disease. Veterinary pathology 41, 471-481. 

Kristensen, C.S., Hjulsager, C.K., Vestergaard, K., Dupont, K., Bille-Hansen, V., Enoe, C., 
Jorsal, S.E., Baekbo, P., Larsen, L.E., 2013. Experimental airborne transmission of 
porcine postweaning multisystemic wasting syndrome. Journal of pathogens 2013, 
534342. 

Kryczek, I., Wei, S., Zou, L., Zhu, G., Mottram, P., Xu, H., Chen, L., Zou, W., 2006. Cutting 
edge: induction of B7-H4 on APCs through IL-10: novel suppressive mode for regulatory 
T cells. Journal of immunology (Baltimore, Md. : 1950) 177, 40-44. 

Kuipers, H., Muskens, F., Willart, M., Hijdra, D., van Assema, F.B., Coyle, A.J., Hoogsteden, 
H.C., Lambrecht, B.N., 2006. Contribution of the PD-1 ligands/PD-1 signaling pathway 
to dendritic cell-mediated CD4+ T cell activation. European journal of immunology 36, 
2472-2482. 

Ladekjaer-Mikkelsen, A.S., Nielsen, J., Stadejek, T., Storgaard, T., Krakowka, S., Ellis, J., 
McNeilly, F., Allan, G., Botner, A., 2002. Reproduction of postweaning multisystemic 
wasting syndrome (PMWS) in immunostimulated and non-immunostimulated 3-week-



 

116 

old piglets experimentally infected with porcine circovirus type 2 (PCV2). Veterinary 
microbiology 89, 97-114. 

Ladekjaer-Mikkelsen, A.S., Nielsen, J., Storgaard, T., Botner, A., Allan, G., McNeilly, F., 2001. 
Transplacental infection with PCV-2 associated with reproductive failure in a gilt. The 
Veterinary record 148, 759-760. 

Lager, K.M., Gauger, P.C., Vincent, A.L., Opriessnig, T., Kehrli, M.E., Jr., Cheung, A.K., 2007. 
Mortality in pigs given porcine circovirus type 2 subgroup 1 and 2 viruses derived from 
DNA clones. The Veterinary record 161, 428-429. 

Lefebvre, D.J., Costers, S., Van Doorsselaere, J., Misinzo, G., Delputte, P.L., Nauwynck, H.J., 
2008. Antigenic differences among porcine circovirus type 2 strains, as demonstrated by 
the use of monoclonal antibodies. The Journal of general virology 89, 177-187. 

LeRoith, T., Hammond, S., Todd, S.M., Ni, Y., Cecere, T., Pelzer, K.D., 2011. A modified live 
PRRSV vaccine and the pathogenic parent strain induce regulatory T cells in pigs 
naturally infected with Mycoplasma hyopneumoniae. Veterinary immunology and 
immunopathology 140, 312-316. 

Liang, B., Workman, C., Lee, J., Chew, C., Dale, B.M., Colonna, L., Flores, M., Li, N., 
Schweighoffer, E., Greenberg, S., Tybulewicz, V., Vignali, D., Clynes, R., 2008. 
Regulatory T cells inhibit dendritic cells by lymphocyte activation gene-3 engagement of 
MHC class II. Journal of immunology (Baltimore, Md. : 1950) 180, 5916-5926. 

Liu, J., Chen, I., Du, Q., Chua, H., Kwang, J., 2006. The ORF3 protein of porcine circovirus type 
2 is involved in viral pathogenesis in vivo. Journal of virology 80, 5065-5073. 

Liu, J., Chen, I., Kwang, J., 2005. Characterization of a previously unidentified viral protein in 
porcine circovirus type 2-infected cells and its role in virus-induced apoptosis. Journal of 
virology 79, 8262-8274. 

Liu, X., Chen, L., Song, Q., Yang, F., Li, Y., Zuo, Y., Jiao, J., Wang, X., 2011. [Coinfection 
effects of porcine circovirus type 2 and porcine parvovirus in vivo on phagocytosis and 
interferon mRNA expression of porcine alveolar macrophages]. Wei sheng wu xue bao = 
Acta microbiologica Sinica 51, 105-114. 

Liu, Y.J., 2005. IPC: professional type 1 interferon-producing cells and plasmacytoid dendritic 
cell precursors. Annual review of immunology 23, 275-306. 

Lopez Fuertes, L., Domenech, N., Alvarez, B., Ezquerra, A., Dominguez, J., Castro, J.M., 
Alonso, F., 1999. Analysis of cellular immune response in pigs recovered from porcine 
respiratory and reproductive syndrome infection. Virus research 64, 33-42. 

Madson, D.M., Patterson, A.R., Ramamoorthy, S., Pal, N., Meng, X.J., Opriessnig, T., 2009. 
Reproductive failure experimentally induced in sows via artificial insemination with 
semen spiked with porcine circovirus type 2. Veterinary pathology 46, 707-716. 

Maldonado, J., Segales, J., Martinez-Puig, D., Calsamiglia, M., Riera, P., Domingo, M., Artigas, 
C., 2005. Identification of viral pathogens in aborted fetuses and stillborn piglets from 
cases of swine reproductive failure in Spain. Veterinary journal (London, England : 1997) 
169, 454-456. 

Mankertz, A., Persson, F., Mankertz, J., Blaess, G., Buhk, H.J., 1997. Mapping and 
characterization of the origin of DNA replication of porcine circovirus. Journal of 
virology 71, 2562-2566. 

Martelli, P., Gozio, S., Ferrari, L., Rosina, S., De Angelis, E., Quintavalla, C., Bottarelli, E., 
Borghetti, P., 2009. Efficacy of a modified live porcine reproductive and respiratory 
syndrome virus (PRRSV) vaccine in pigs naturally exposed to a heterologous European 



 

117 

(Italian cluster) field strain: Clinical protection and cell-mediated immunity. Vaccine 27, 
3788-3799. 

Martin-Orozco, N., Wang, Y.H., Yagita, H., Dong, C., 2006. Cutting Edge: Programmed death 
(PD) ligand-1/PD-1 interaction is required for CD8+ T cell tolerance to tissue antigens. 
Journal of immunology (Baltimore, Md. : 1950) 177, 8291-8295. 

Mateusen, B., Maes, D.G., Van Soom, A., Lefebvre, D., Nauwynck, H.J., 2007. Effect of a 
porcine circovirus type 2 infection on embryos during early pregnancy. Theriogenology 
68, 896-901. 

McGuirk, P., McCann, C., Mills, K.H., 2002. Pathogen-specific T regulatory 1 cells induced in 
the respiratory tract by a bacterial molecule that stimulates interleukin 10 production by 
dendritic cells: a novel strategy for evasion of protective T helper type 1 responses by 
Bordetella pertussis. The Journal of experimental medicine 195, 221-231. 

McNally, B., Ye, F., Willette, M., Flano, E., 2013. Local blockade of epithelial PDL-1 in the 
airways enhances T cell function and viral clearance during influenza virus infection. 
Journal of virology 87, 12916-12924. 

Meehan, B.M., McNeilly, F., Todd, D., Kennedy, S., Jewhurst, V.A., Ellis, J.A., Hassard, L.E., 
Clark, E.G., Haines, D.M., Allan, G.M., 1998. Characterization of novel circovirus DNAs 
associated with wasting syndromes in pigs. The Journal of general virology 79 ( Pt 9), 
2171-2179. 

Meerts, P., Misinzo, G., McNeilly, F., Nauwynck, H.J., 2005a. Replication kinetics of different 
porcine circovirus 2 strains in PK-15 cells, fetal cardiomyocytes and macrophages. 
Archives of virology 150, 427-441. 

Meerts, P., Misinzo, G., Nauwynck, H.J., 2005b. Enhancement of porcine circovirus 2 
replication in porcine cell lines by IFN-gamma before and after treatment and by IFN-
alpha after treatment. Journal of interferon & cytokine research : the official journal of 
the International Society for Interferon and Cytokine Research 25, 684-693. 

Meerts, P., Van Gucht, S., Cox, E., Vandebosch, A., Nauwynck, H.J., 2005c. Correlation 
between type of adaptive immune response against porcine circovirus type 2 and level of 
virus replication. Viral immunology 18, 333-341. 

Meier, A., Bagchi, A., Sidhu, H.K., Alter, G., Suscovich, T.J., Kavanagh, D.G., Streeck, H., 
Brockman, M.A., LeGall, S., Hellman, J., Altfeld, M., 2008. Upregulation of PD-L1 on 
monocytes and dendritic cells by HIV-1 derived TLR ligands. AIDS (London, England) 
22, 655-658. 

Meier, W.A., Galeota, J., Osorio, F.A., Husmann, R.J., Schnitzlein, W.M., Zuckermann, F.A., 
2003. Gradual development of the interferon-gamma response of swine to porcine 
reproductive and respiratory syndrome virus infection or vaccination. Virology 309, 18-
31. 

Mellman, I., Steinman, R.M., 2001. Dendritic cells: specialized and regulated antigen processing 
machines. Cell 106, 255-258. 

Mellor, A.L., Munn, D.H., 2004. IDO expression by dendritic cells: tolerance and tryptophan 
catabolism. Nature reviews. Immunology 4, 762-774. 

Meng, X.J., 2012. Spread like a wildfire--the omnipresence of porcine circovirus type 2 (PCV2) 
and its ever-expanding association with diseases in pigs. Virus research 164, 1-3. 

Meng, X.J., Paul, P.S., Halbur, P.G., 1994. Molecular cloning and nucleotide sequencing of the 
3'-terminal genomic RNA of the porcine reproductive and respiratory syndrome virus. 
The Journal of general virology 75 ( Pt 7), 1795-1801. 



 

118 

Menges, M., Rossner, S., Voigtlander, C., Schindler, H., Kukutsch, N.A., Bogdan, C., Erb, K., 
Schuler, G., Lutz, M.B., 2002. Repetitive injections of dendritic cells matured with tumor 
necrosis factor alpha induce antigen-specific protection of mice from autoimmunity. The 
Journal of experimental medicine 195, 15-21. 

Meulenberg, J.J., Hulst, M.M., de Meijer, E.J., Moonen, P.L., den Besten, A., de Kluyver, E.P., 
Wensvoort, G., Moormann, R.J., 1993. Lelystad virus, the causative agent of porcine 
epidemic abortion and respiratory syndrome (PEARS), is related to LDV and EAV. 
Virology 192, 62-72. 

Miller, L.C., Laegreid, W.W., Bono, J.L., Chitko-McKown, C.G., Fox, J.M., 2004. Interferon 
type I response in porcine reproductive and respiratory syndrome virus-infected MARC-
145 cells. Archives of virology 149, 2453-2463. 

Misinzo, G., Delputte, P.L., Meerts, P., Lefebvre, D.J., Nauwynck, H.J., 2006. Porcine circovirus 
2 uses heparan sulfate and chondroitin sulfate B glycosaminoglycans as receptors for its 
attachment to host cells. Journal of virology 80, 3487-3494. 

Misinzo, G., Meerts, P., Bublot, M., Mast, J., Weingartl, H.M., Nauwynck, H.J., 2005. Binding 
and entry characteristics of porcine circovirus 2 in cells of the porcine monocytic line 
3D4/31. The Journal of general virology 86, 2057-2068. 

Morandi, F., Ostanello, F., Fusaro, L., Bacci, B., Nigrelli, A., Alborali, L., Dottori, M., Vezzoli, 
F., Barigazzi, G., Fiorentini, L., Sala, V., Leotti, G., Joisel, F., Sarli, G., 2010. 
Immunohistochemical detection of aetiological agents of proliferative and necrotizing 
pneumonia in italian pigs. Journal of comparative pathology 142, 74-78. 

Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival: application to 
proliferation and cytotoxicity assays. Journal of immunological methods 65, 55-63. 

Muhlbauer, M., Fleck, M., Schutz, C., Weiss, T., Froh, M., Blank, C., Scholmerich, J., 
Hellerbrand, C., 2006. PD-L1 is induced in hepatocytes by viral infection and by 
interferon-alpha and -gamma and mediates T cell apoptosis. Journal of hepatology 45, 
520-528. 

Nauwynck, H.J., Sanchez, R., Meerts, P., Lefebvre, D.J., Saha, D., Huang, L., Misinzo, G., 2012. 
Cell tropism and entry of porcine circovirus 2. Virus research 164, 43-45. 

Oberle, N., Eberhardt, N., Falk, C.S., Krammer, P.H., Suri-Payer, E., 2007. Rapid suppression of 
cytokine transcription in human CD4+CD25 T cells by CD4+Foxp3+ regulatory T cells: 
independence of IL-2 consumption, TGF-beta, and various inhibitors of TCR signaling. 
Journal of immunology (Baltimore, Md. : 1950) 179, 3578-3587. 

Oderup, C., Cederbom, L., Makowska, A., Cilio, C.M., Ivars, F., 2006. Cytotoxic T lymphocyte 
antigen-4-dependent down-modulation of costimulatory molecules on dendritic cells in 
CD4+ CD25+ regulatory T-cell-mediated suppression. Immunology 118, 240-249. 

Opriessnig, T., Halbur, P.G., 2012. Concurrent infections are important for expression of porcine 
circovirus associated disease. Virus research 164, 20-32. 

Opriessnig, T., Langohr, I., 2012. Current State of Knowledge on Porcine Circovirus Type 2-
Associated Lesions. Veterinary pathology. 

Opriessnig, T., Madson, D.M., Schalk, S., Brockmeier, S., Shen, H.G., Beach, N.M., Meng, X.J., 
Baker, R.B., Zanella, E.L., Halbur, P.G., 2011. Porcine circovirus type 2 (PCV2) 
vaccination is effective in reducing disease and PCV2 shedding in semen of boars 
concurrently infected with PCV2 and Mycoplasma hyopneumoniae. Theriogenology 76, 
351-360. 



 

119 

Opriessnig, T., McKeown, N.E., Harmon, K.L., Meng, X.J., Halbur, P.G., 2006. Porcine 
circovirus type 2 infection decreases the efficacy of a modified live porcine reproductive 
and respiratory syndrome virus vaccine. Clinical and vaccine immunology : CVI 13, 923-
929. 

Opriessnig, T., Meng, X.J., Halbur, P.G., 2007. Porcine circovirus type 2 associated disease: 
update on current terminology, clinical manifestations, pathogenesis, diagnosis, and 
intervention strategies. Journal of veterinary diagnostic investigation : official publication 
of the American Association of Veterinary Laboratory Diagnosticians, Inc 19, 591-615. 

Opriessnig, T., O'Neill, K., Gerber, P.F., de Castro, A.M., Gimenez-Lirola, L.G., Beach, N.M., 
Zhou, L., Meng, X.J., Wang, C., Halbur, P.G., 2012. A PCV2 vaccine based on genotype 
2b is more effective than a 2a-based vaccine to protect against PCV2b or combined 
PCV2a/2b viremia in pigs with concurrent PCV2, PRRSV and PPV infection. Vaccine. 

Opriessnig, T., Patterson, A.R., Madson, D.M., Pal, N., Halbur, P.G., 2009a. Comparison of 
efficacy of commercial one dose and two dose PCV2 vaccines using a mixed PRRSV-
PCV2-SIV clinical infection model 2-3-months post vaccination. Vaccine 27, 1002-1007. 

Opriessnig, T., Patterson, A.R., Meng, X.J., Halbur, P.G., 2009b. Porcine circovirus type 2 in 
muscle and bone marrow is infectious and transmissible to naive pigs by oral 
consumption. Veterinary microbiology 133, 54-64. 

Opriessnig, T., Ramamoorthy, S., Madson, D.M., Patterson, A.R., Pal, N., Carman, S., Meng, 
X.J., Halbur, P.G., 2008. Differences in virulence among porcine circovirus type 2 
isolates are unrelated to cluster type 2a or 2b and prior infection provides heterologous 
protection. The Journal of general virology 89, 2482-2491. 

Opriessnig, T., Thacker, E.L., Yu, S., Fenaux, M., Meng, X.J., Halbur, P.G., 2004. Experimental 
reproduction of postweaning multisystemic wasting syndrome in pigs by dual infection 
with Mycoplasma hyopneumoniae and porcine circovirus type 2. Veterinary pathology 
41, 624-640. 

Opriessnig, T., Xiao, C.T., Gerber, P.F., Halbur, P.G., 2013. Emergence of a novel mutant 
PCV2b variant associated with clinical PCVAD in two vaccinated pig farms in the U.S. 
concurrently infected with PPV2. Veterinary microbiology 163, 177-183. 

Pallares, F.J., Halbur, P.G., Opriessnig, T., Sorden, S.D., Villar, D., Janke, B.H., Yaeger, M.J., 
Larson, D.J., Schwartz, K.J., Yoon, K.J., Hoffman, L.J., 2002. Porcine circovirus type 2 
(PCV-2) coinfections in US field cases of postweaning multisystemic wasting syndrome 
(PMWS). Journal of veterinary diagnostic investigation : official publication of the 
American Association of Veterinary Laboratory Diagnosticians, Inc 14, 515-519. 

Pandiyan, P., Zheng, L., Ishihara, S., Reed, J., Lenardo, M.J., 2007. CD4+CD25+Foxp3+ 
regulatory T cells induce cytokine deprivation-mediated apoptosis of effector CD4+ T 
cells. Nature immunology 8, 1353-1362. 

Park, J.Y., Kim, H.S., Seo, S.H., 2008. Characterization of interaction between porcine 
reproductive and respiratory syndrome virus and porcine dendritic cells. Journal of 
microbiology and biotechnology 18, 1709-1716. 

Patterson, A.R., Opriessnig, T., 2010. Epidemiology and horizontal transmission of porcine 
circovirus type 2 (PCV2). Animal health research reviews / Conference of Research 
Workers in Animal Diseases 11, 217-234. 

Pen, J.J., Keersmaecker, B.D., Heirman, C., Corthals, J., Liechtenstein, T., Escors, D., 
Thielemans, K., Breckpot, K., 2014. Interference with PD-L1/PD-1 co-stimulation during 



 

120 

antigen presentation enhances the multifunctionality of antigen-specific T cells. Gene 
therapy 21, 262-271. 

Perez-Martin, E., Rovira, A., Calsamiglia, M., Mankertz, A., Rodriguez, F., Segales, J., 2007. A 
new method to identify cell types that support porcine circovirus type 2 replication in 
formalin-fixed, paraffin-embedded swine tissues. Journal of virological methods 146, 86-
95. 

Polanczyk, M.J., Hopke, C., Vandenbark, A.A., Offner, H., 2006. Estrogen-mediated 
immunomodulation involves reduced activation of effector T cells, potentiation of Treg 
cells, and enhanced expression of the PD-1 costimulatory pathway. Journal of 
neuroscience research 84, 370-378. 

Quintana, J., Segales, J., Rosell, C., Calsamiglia, M., Rodriguez-Arrioja, G.M., Chianini, F., 
Folch, J.M., Maldonado, J., Canal, M., Plana-Duran, J., Domingo, M., 2001. Clinical and 
pathological observations on pigs with postweaning multisystemic wasting syndrome. 
The Veterinary record 149, 357-361. 

Read, S., Malmstrom, V., Powrie, F., 2000. Cytotoxic T lymphocyte-associated antigen 4 plays 
an essential role in the function of CD25(+)CD4(+) regulatory cells that control intestinal 
inflammation. The Journal of experimental medicine 192, 295-302. 

Ren, X., Ye, F., Jiang, Z., Chu, Y., Xiong, S., Wang, Y., 2007. Involvement of cellular death in 
TRAIL/DR5-dependent suppression induced by CD4(+)CD25(+) regulatory T cells. Cell 
death and differentiation 14, 2076-2084. 

Rodriguez-Arrioja, G.M., Segales, J., Rosell, C., Rovira, A., Pujols, J., Plana-Duran, J., 
Domingo, M., 2003. Retrospective study on porcine circovirus type 2 infection in pigs 
from 1985 to 1997 in Spain. Journal of veterinary medicine. B, Infectious diseases and 
veterinary public health 50, 99-101. 

Rose, N., Blanchard, P., Cariolet, R., Grasland, B., Amenna, N., Oger, A., Durand, B., Balasch, 
M., Jestin, A., Madec, F., 2007. Vaccination of porcine circovirus type 2 (PCV2)-infected 
sows against porcine Parvovirus (PPV) and Erysipelas: effect on post-weaning 
multisystemic wasting syndrome (PMWS) and on PCV2 genome load in the offspring. 
Journal of comparative pathology 136, 133-144. 

Rose, N., Opriessnig, T., Grasland, B., Jestin, A., 2012. Epidemiology and transmission of 
porcine circovirus type 2 (PCV2). Virus research 164, 78-89. 

Rosell, C., Segales, J., Plana-Duran, J., Balasch, M., Rodriguez-Arrioja, G.M., Kennedy, S., 
Allan, G.M., McNeilly, F., Latimer, K.S., Domingo, M., 1999. Pathological, 
immunohistochemical, and in-situ hybridization studies of natural cases of postweaning 
multisystemic wasting syndrome (PMWS) in pigs. Journal of comparative pathology 120, 
59-78. 

Rouse, B.T., Sarangi, P.P., Suvas, S., 2006. Regulatory T cells in virus infections. 
Immunological reviews 212, 272-286. 

Rovira, A., Balasch, M., Segales, J., Garcia, L., Plana-Duran, J., Rosell, C., Ellerbrok, H., 
Mankertz, A., Domingo, M., 2002. Experimental inoculation of conventional pigs with 
porcine reproductive and respiratory syndrome virus and porcine circovirus 2. Journal of 
virology 76, 3232-3239. 

Rushbrook, S.M., Ward, S.M., Unitt, E., Vowler, S.L., Lucas, M., Klenerman, P., Alexander, 
G.J., 2005. Regulatory T cells suppress in vitro proliferation of virus-specific CD8+ T 
cells during persistent hepatitis C virus infection. Journal of virology 79, 7852-7859. 



 

121 

Sanchez, R.E., Jr., Meerts, P., Nauwynck, H.J., Ellis, J.A., Pensaert, M.B., 2004. Characteristics 
of porcine circovirus-2 replication in lymphoid organs of pigs inoculated in late gestation 
or postnatally and possible relation to clinical and pathological outcome of infection. 
Journal of veterinary diagnostic investigation : official publication of the American 
Association of Veterinary Laboratory Diagnosticians, Inc 16, 175-185. 

Sanchez, R.E., Jr., Meerts, P., Nauwynck, H.J., Pensaert, M.B., 2003. Change of porcine 
circovirus 2 target cells in pigs during development from fetal to early postnatal life. 
Veterinary microbiology 95, 15-25. 

Segales, J., 2012. Porcine circovirus type 2 (PCV2) infections: clinical signs, pathology and 
laboratory diagnosis. Virus research 164, 10-19. 

Segales, J., Calsamiglia, M., Olvera, A., Sibila, M., Badiella, L., Domingo, M., 2005. 
Quantification of porcine circovirus type 2 (PCV2) DNA in serum and tonsillar, nasal, 
tracheo-bronchial, urinary and faecal swabs of pigs with and without postweaning 
multisystemic wasting syndrome (PMWS). Veterinary microbiology 111, 223-229. 

Segales, J., Domingo, M., 2002. Postweaning multisystemic wasting syndrome (PMWS) in pigs. 
A review. The Veterinary quarterly 24, 109-124. 

Segales, J., Olvera, A., Grau-Roma, L., Charreyre, C., Nauwynck, H., Larsen, L., Dupont, K., 
McCullough, K., Ellis, J., Krakowka, S., Mankertz, A., Fredholm, M., Fossum, C., 
Timmusk, S., Stockhofe-Zurwieden, N., Beattie, V., Armstrong, D., Grassland, B., 
Baekbo, P., Allan, G., 2008. PCV-2 genotype definition and nomenclature. The 
Veterinary record 162, 867-868. 

Selenko-Gebauer, N., Majdic, O., Szekeres, A., Hofler, G., Guthann, E., Korthauer, U., 
Zlabinger, G., Steinberger, P., Pickl, W.F., Stockinger, H., Knapp, W., Stockl, J., 2003. 
B7-H1 (programmed death-1 ligand) on dendritic cells is involved in the induction and 
maintenance of T cell anergy. Journal of immunology (Baltimore, Md. : 1950) 170, 3637-
3644. 

Serra, P., Amrani, A., Yamanouchi, J., Han, B., Thiessen, S., Utsugi, T., Verdaguer, J., 
Santamaria, P., 2003. CD40 ligation releases immature dendritic cells from the control of 
regulatory CD4+CD25+ T cells. Immunity 19, 877-889. 

Shen, H., Wang, C., Madson, D.M., Opriessnig, T., 2010a. High prevalence of porcine circovirus 
viremia in newborn piglets in five clinically normal swine breeding herds in North 
America. Preventive veterinary medicine 97, 228-236. 

Shen, T., Chen, X., Chen, Y., Xu, Q., Lu, F., Liu, S., 2010b. Increased PD-L1 expression and 
PD-L1/CD86 ratio on dendritic cells were associated with impaired dendritic cells 
function in HCV infection. Journal of medical virology 82, 1152-1159. 

Shi, F., Shi, M., Zeng, Z., Qi, R.Z., Liu, Z.W., Zhang, J.Y., Yang, Y.P., Tien, P., Wang, F.S., 
2011. PD-1 and PD-L1 upregulation promotes CD8(+) T-cell apoptosis and postoperative 
recurrence in hepatocellular carcinoma patients. International journal of cancer. Journal 
international du cancer 128, 887-896. 

Shi, K.C., Guo, X., Ge, X.N., Liu, Q., Yang, H.C., 2010. Cytokine mRNA expression profiles in 
peripheral blood mononuclear cells from piglets experimentally co-infected with porcine 
reproductive and respiratory syndrome virus and porcine circovirus type 2. Veterinary 
microbiology 140, 155-160. 

Shibahara, T., Sato, K., Ishikawa, Y., Kadota, K., 2000. Porcine circovirus induces B 
lymphocyte depletion in pigs with wasting disease syndrome. The Journal of veterinary 
medical science / the Japanese Society of Veterinary Science 62, 1125-1131. 



 

122 

Silva-Campa, E., Cordoba, L., Fraile, L., Flores-Mendoza, L., Montoya, M., Hernandez, J., 2010. 
European genotype of porcine reproductive and respiratory syndrome (PRRSV) infects 
monocyte-derived dendritic cells but does not induce Treg cells. Virology 396, 264-271. 

Silva-Campa, E., Flores-Mendoza, L., Resendiz, M., Pinelli-Saavedra, A., Mata-Haro, V., 
Mwangi, W., Hernandez, J., 2009. Induction of T helper 3 regulatory cells by dendritic 
cells infected with porcine reproductive and respiratory syndrome virus. Virology 387, 
373-379. 

Silva-Campa, E., Mata-Haro, V., Mateu, E., Hernandez, J., 2012. Porcine reproductive and 
respiratory syndrome virus induces CD4+CD8+CD25+Foxp3+ regulatory T cells 
(Tregs). Virology 430, 73-80. 

Sinha, A., Shen, H.G., Schalk, S., Beach, N.M., Huang, Y.W., Halbur, P.G., Meng, X.J., 
Opriessnig, T., 2010. Porcine reproductive and respiratory syndrome virus infection at 
the time of porcine circovirus type 2 vaccination has no impact on vaccine efficacy. 
Clinical and vaccine immunology : CVI 17, 1940-1945. 

Sipos, W., Duvigneau, J.C., Willheim, M., Schilcher, F., Hartl, R.T., Hofbauer, G., Exel, B., 
Pietschmann, P., Schmoll, F., 2004. Systemic cytokine profile in feeder pigs suffering 
from natural postweaning multisystemic wasting syndrome (PMWS) as determined by 
semiquantitative RT-PCR and flow cytometric intracellular cytokine detection. 
Veterinary immunology and immunopathology 99, 63-71. 

Steiner, E., Balmelli, C., Gerber, H., Summerfield, A., McCullough, K., 2009. Cellular adaptive 
immune response against porcine circovirus type 2 in subclinically infected pigs. BMC 
veterinary research 5, 45. 

Steiner, E., Balmelli, C., Herrmann, B., Summerfield, A., McCullough, K., 2008. Porcine 
circovirus type 2 displays pluripotency in cell targeting. Virology 378, 311-322. 

Steinfeldt, T., Finsterbusch, T., Mankertz, A., 2001. Rep and Rep' protein of porcine circovirus 
type 1 bind to the origin of replication in vitro. Virology 291, 152-160. 

Stevenson, L.S., McCullough, K., Vincent, I., Gilpin, D.F., Summerfield, A., Nielsen, J., 
McNeilly, F., Adair, B.M., Allan, G.M., 2006. Cytokine and C-reactive protein profiles 
induced by porcine circovirus type 2 experimental infection in 3-week-old piglets. Viral 
immunology 19, 189-195. 

Suradhat, S., Thanawongnuwech, R., 2003. Upregulation of interleukin-10 gene expression in 
the leukocytes of pigs infected with porcine reproductive and respiratory syndrome virus. 
The Journal of general virology 84, 2755-2760. 

Suvas, S., Kumaraguru, U., Pack, C.D., Lee, S., Rouse, B.T., 2003. CD4+CD25+ T cells regulate 
virus-specific primary and memory CD8+ T cell responses. The Journal of experimental 
medicine 198, 889-901. 

Takahashi, T., Kuniyasu, Y., Toda, M., Sakaguchi, N., Itoh, M., Iwata, M., Shimizu, J., 
Sakaguchi, S., 1998. Immunologic self-tolerance maintained by CD25+CD4+ naturally 
anergic and suppressive T cells: induction of autoimmune disease by breaking their 
anergic/suppressive state. International immunology 10, 1969-1980. 

Takeda, K., Kaisho, T., Akira, S., 2003. Toll-like receptors. Annual review of immunology 21, 
335-376. 

Teijaro, J.R., Ng, C., Lee, A.M., Sullivan, B.M., Sheehan, K.C., Welch, M., Schreiber, R.D., de 
la Torre, J.C., Oldstone, M.B., 2013. Persistent LCMV infection is controlled by 
blockade of type I interferon signaling. Science (New York, N.Y.) 340, 207-211. 



 

123 

Thornton, A.M., Shevach, E.M., 1998. CD4+CD25+ immunoregulatory T cells suppress 
polyclonal T cell activation in vitro by inhibiting interleukin 2 production. The Journal of 
experimental medicine 188, 287-296. 

Tischer, I., Rasch, R., Tochtermann, G., 1974. Characterization of papovavirus-and picornavirus-
like particles in permanent pig kidney cell lines. Zentralblatt fur Bakteriologie, 
Parasitenkunde, Infektionskrankheiten und Hygiene. Erste Abteilung Originale. Reihe A: 
Medizinische Mikrobiologie und Parasitologie 226, 153-167. 

Todd, D., 2004. Avian circovirus diseases: lessons for the study of PMWS. Veterinary 
microbiology 98, 169-174. 

Tomas, A., Fernandes, L.T., Valero, O., Segales, J., 2008. A meta-analysis on experimental 
infections with porcine circovirus type 2 (PCV2). Veterinary microbiology 132, 260-273. 

Toscano, M.A., Bianco, G.A., Ilarregui, J.M., Croci, D.O., Correale, J., Hernandez, J.D., 
Zwirner, N.W., Poirier, F., Riley, E.M., Baum, L.G., Rabinovich, G.A., 2007. 
Differential glycosylation of TH1, TH2 and TH-17 effector cells selectively regulates 
susceptibility to cell death. Nature immunology 8, 825-834. 

Trible, B.R., Rowland, R.R., 2012. Genetic variation of porcine circovirus type 2 (PCV2) and its 
relevance to vaccination, pathogenesis and diagnosis. Virus research 164, 68-77. 

Urbani, S., Amadei, B., Tola, D., Massari, M., Schivazappa, S., Missale, G., Ferrari, C., 2006. 
PD-1 expression in acute hepatitis C virus (HCV) infection is associated with HCV-
specific CD8 exhaustion. Journal of virology 80, 11398-11403. 

Vignali, D.A., Collison, L.W., Workman, C.J., 2008. How regulatory T cells work. Nature 
reviews. Immunology 8, 523-532. 

Vincent, I.E., Balmelli, C., Meehan, B., Allan, G., Summerfield, A., McCullough, K.C., 2007. 
Silencing of natural interferon producing cell activation by porcine circovirus type 2 
DNA. Immunology 120, 47-56. 

Vincent, I.E., Carrasco, C.P., Guzylack-Piriou, L., Herrmann, B., McNeilly, F., Allan, G.M., 
Summerfield, A., McCullough, K.C., 2005. Subset-dependent modulation of dendritic 
cell activity by circovirus type 2. Immunology 115, 388-398. 

Vincent, I.E., Carrasco, C.P., Herrmann, B., Meehan, B.M., Allan, G.M., Summerfield, A., 
McCullough, K.C., 2003. Dendritic cells harbor infectious porcine circovirus type 2 in 
the absence of apparent cell modulation or replication of the virus. Journal of virology 77, 
13288-13300. 

Wellenberg, G.J., Stockhofe-Zurwieden, N., Boersma, W.J., De Jong, M.F., Elbers, A.R., 2004. 
The presence of co-infections in pigs with clinical signs of PMWS in The Netherlands: a 
case-control study. Research in veterinary science 77, 177-184. 

West, E.E., Jin, H.T., Rasheed, A.U., Penaloza-Macmaster, P., Ha, S.J., Tan, W.G., Youngblood, 
B., Freeman, G.J., Smith, K.A., Ahmed, R., 2013. PD-L1 blockade synergizes with IL-2 
therapy in reinvigorating exhausted T cells. The Journal of clinical investigation 123, 
2604-2615. 

West, K.H., Bystrom, J.M., Wojnarowicz, C., Shantz, N., Jacobson, M., Allan, G.M., Haines, 
D.M., Clark, E.G., Krakowka, S., McNeilly, F., Konoby, C., Martin, K., Ellis, J.A., 1999. 
Myocarditis and abortion associated with intrauterine infection of sows with porcine 
circovirus 2. Journal of veterinary diagnostic investigation : official publication of the 
American Association of Veterinary Laboratory Diagnosticians, Inc 11, 530-532. 

Wikstrom, F.H., Fossum, C., Fuxler, L., Kruse, R., Lovgren, T., 2011. Cytokine induction by 
immunostimulatory DNA in porcine PBMC is impaired by a hairpin forming sequence 



 

124 

motif from the genome of Porcine Circovirus type 2 (PCV2). Veterinary immunology 
and immunopathology 139, 156-166. 

Wikstrom, F.H., Meehan, B.M., Berg, M., Timmusk, S., Elving, J., Fuxler, L., Magnusson, M., 
Allan, G.M., McNeilly, F., Fossum, C., 2007. Structure-dependent modulation of alpha 
interferon production by porcine circovirus 2 oligodeoxyribonucleotide and CpG DNAs 
in porcine peripheral blood mononuclear cells. Journal of virology 81, 4919-4927. 

Wilson, E.B., Yamada, D.H., Elsaesser, H., Herskovitz, J., Deng, J., Cheng, G., Aronow, B.J., 
Karp, C.L., Brooks, D.G., 2013. Blockade of chronic type I interferon signaling to control 
persistent LCMV infection. Science (New York, N.Y.) 340, 202-207. 

Wolfle, S.J., Strebovsky, J., Bartz, H., Sahr, A., Arnold, C., Kaiser, C., Dalpke, A.H., Heeg, K., 
2011. PD-L1 expression on tolerogenic APCs is controlled by STAT-3. European journal 
of immunology 41, 413-424. 

Wongyanin, P., Buranapraditkun, S., Chokeshai-Usaha, K., Thanawonguwech, R., Suradhat, S., 
2010. Induction of inducible CD4+CD25+Foxp3+ regulatory T lymphocytes by porcine 
reproductive and respiratory syndrome virus (PRRSV). Veterinary immunology and 
immunopathology 133, 170-182. 

Zarek, P.E., Huang, C.T., Lutz, E.R., Kowalski, J., Horton, M.R., Linden, J., Drake, C.G., 
Powell, J.D., 2008. A2A receptor signaling promotes peripheral tolerance by inducing T-
cell anergy and the generation of adaptive regulatory T cells. Blood 111, 251-259. 

Zhang, H., Lunney, J.K., Baker, R.B., Opriessnig, T., 2011. Cytokine and chemokine mRNA 
expression profiles in tracheobronchial lymph nodes from pigs singularly infected or 
coinfected with porcine circovirus type 2 (PCV2) and Mycoplasma hyopneumoniae 
(MHYO). Veterinary immunology and immunopathology 140, 152-158. 

 
 


	Abstract
	Dedication
	Acknowledgements
	List of Tables
	List of Figures
	Chapter 1: Introduction
	Chapter 2: Literature Review
	Introduction
	PCV2 Taxonomy and Genomic organization
	PCV2 Life Cycle and Transmission
	PCV2 associated diseases
	Co-infecting pathogens in PCV2 associated diseases
	Porcine Immune Response to PCV2
	Regulatory T-cells
	Programmed Death Ligand-1

	Chapter 3: Addition of porcine circovirus type 2 (PCV2) to a multiple viral challenge induces regulatory T cells in pigs
	Abstract
	Results
	Discussion
	Acknowledgements
	Tables
	Figures

	Chapter 4: PD-L1 expression is increased in monocyte derived dendritic cells in response to porcine circovirus type2 and porcine reproductive and respiratory syndrome virus infections
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgements
	Tables
	Figures

	Chapter 5: The PD-L1/CD86 ratio is increased in dendritic cells co-infected with porcine circovirus type 2 and porcine reproductive and respiratory syndrome virus, and the PD-L1/PD-1 axis is associated with anergy, apoptosis, and the induction of regu...
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Tables
	Figures

	Chapter 6: Summary and Conclusions
	Figures

	Appendices
	Appendix A: Representative median fluorescent shift as determined by flow cytometry for MoDC PD-L1 expression in the control and PCV2+VR-2385 treatment groups.
	Appendix B: Representative median fluorescent shift as determined by flow cytometry for MoDC CD86 expression in the control and PCV2+VR-2385 treatment groups.
	Appendix C: Representative median fluorescent shift as determined by flow cytometry for MoDC SLA-1 expression in the control and PCV2+VR-2385 treatment groups.
	Appendix D: Representative median fluorescent shift as determined by flow cytometry for MoDC SLA-2 expression in the control and PCV2+VR-2385 treatment groups.
	Appendix E: Representative flow cytometry profile of regulatory T-cell percentages following CD4 and CD25 gating. Cells are from a normal PD-1 expressing lymphocyte population 72hr post-MoDC exposure. Complete Media for the incubation was supplemented...
	Appendix F: Representative flow cytometry profile of apoptotic cell percentage as determined by annexin-V and DAPI staining. Cells are from normal PD-1 expressing lymphocytes at 6hr post-MoDC exposure.
	Appendix G: Representative anergic cell percentages as determined by flow cytometry. Cells are from a lymphocyte population with normal levels of PD-1 expression. Cell proliferation was determined 24hr post-MoDC exposure. Complete media for the incuba...

	Literature Cited

